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ABSTRACT 
 
Surfaces with parallel microgrooves have been studied widely, especially for their potential to 
promote water drainage. There is increasing interest in understanding and manipulating the effects of 
surface wettability on the condensation and frosting processes, to minimize condensate retention and 
frosting penalties, and to promote effective defrosting. In the present study, the effects of microgrooved 
surface topography on metal substrates, fabricated without any chemical modification of the surface, on 
the wettability, condensation, frost formation, and frost melt-water drainage characteristics are studied. 
Different metal surfaces (brass, copper, and aluminum) are studied because of the technical importance of 
these metals as working materials in a wide range of heat transfer applications.  
Through a systematic study of microgrooved brass surfaces, fabricated by a micro end-milling 
process, the effect of parallel, periodic microgroove geometry on the wettability and droplet mobility is 
examined experimentally and compared to that of flat surfaces. The substrates have groove depths in the 
range of 26 to 122 µm, groove widths of 27 to 187 µm, and are about 45 mm x 45 mm in size, with a 
thickness about 3 mm. Wetting anisotropy, contact angle hysteresis, and drainage behavior of water 
droplets on the microgrooved surfaces are found to be significantly affected by the variation in groove 
geometry parameters. Deposited water droplets of a wide range of volumes slide much more readily on 
microgrooved surfaces than on the flat baseline surfaces, and a significant reduction in the critical sliding 
angle is obtained for the microgrooved samples. The sliding angles exhibit a significant groove geometry 
dependence and are found to increase with pillar width and decrease with groove depth.  
Frost/defrost/refrost experiments are conducted inside a chamber maintaining a controlled 
environment, under a wide range operating conditions and over multiple frost/refrost cycles. The size, 
shape, and growth patterns of the condensed water droplets are found to vary considerably between the 
microgrooved and flat brass surfaces. The groove geometry not only affects the condensation and initial 
stages of frost formation, rather the effects are profound in long frost cycles as well. The presence of 
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microgrooves is found to alter the frost properties in the frost/refrost cycles and in general, increase the 
frost thickness and decrease the frost density compared to those on the flat surface. Variations of frost 
properties with microgroove topography are found to be repeatable and periodic in behavior after the 3rd 
frost cycle.  
Microgrooved surfaces manifest a significant improvement in frost melt-water drainage and a 
reduction in the frost melt water retention of up to 70% over that on the flat baseline surfaces is achieved. 
These samples consistently exhibit lower frost melt water retention compared to flat surfaces for a broad 
range operating conditions. Drainage of the frost melt is influenced strongly by the groove geometry and 
is promoted by an increase in the pillar width, but drainage is relatively insensitive to changes in the 
groove depth. The relationship between frost structure, frost properties, and frost melt water drainage with 
groove dimensions is discussed, emphasizing the importance of the morphological features. 
The consistent improvements in condensate and frost melt water drainage from the microgrooved 
samples as compared to that on the flat baseline in a wide range operating conditions is very encouraging 
for reducing the condensate retention and  frosting penalty in practical applications. The findings of this 
study can be used in designing microgrooved metal surfaces with desired wetting and liquid drainage 
properties for air-conditioning, refrigeration and heat pumping applications. The work might be useful in 
a broad range of applications where water retention, frosting and defrosting play important roles. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction 
 
Surfaces with directional wetting properties that promote droplet drainage are of significant 
practical importance in many fields, especially in self-cleaning, microfluidic systems, drag reduction, air 
cooling applications, etc. Microgrooved surfaces with a broad range of geometric dimensions have been 
studied widely because of the possibility of attaining high contact angle, low sliding angle and enhanced 
liquid drainage on these surfaces. However, there has been little work reported in the literature on the 
wetting and sliding behavior of liquid on microgrooved metal surfaces, in spite of the demonstrated 
improvements in water drainage for microgrooved surfaces over flat and micropillared surfaces, and in 
spite of the technical importance of metal as a working material.  
The formation of frost during regular operation and the retention of frost melt water at the end of 
the defrosting period are two very common and undesirable phenomena for heat transfer equipment where 
the air-side surface temperature is below the dew point of the surrounding air and the freezing 
temperature of water. There is considerable research interest in the study of frosting phenomenon because 
of its impact on the efficiency of heat transfer equipment operating under frosting conditions, notably in 
the field of air conditioning, refrigeration, cryogenics, aviation, and heat pump etc. The negative effects of 
frost formation on the surface of a heat exchanger can include lower flow velocity, higher pressure drop, 
an increase in the operational cost and a reduction of overall system efficiency.  
Considerable research has been conducted to understand and manipulate the effects of surface 
wettability on the condensation and frosting processes and to minimize the penalties associated with the 
frosting and defrosting processes. The attempts to minimize frosting penalties have been mostly along the 
line of developing techniques to delay or prevent the formation of frost, to remove the frost formed on the 
surface by some force (mechanical/electrical/acoustic), or to minimize the frost melt water retention on 
the surface during defrosting. A defrost cycle, during which the frost is melted, becomes necessary 
because unabated growth of frost layer on a heat exchanger surface can result in significant performance 
degradation. However, defrost process itself imposes an energy cost in such systems. Ideally, defrosting 
should be accomplished quickly, with as little energy as possible, and with as much water removal as 
possible. The retention of frost melt water is important because the retained water refreezes in the next 
frosting cycle, resulting in greater frost thickness and requiring an early defrosting. Hence, effective 
management of the frost melt water at the end of the defrosting process is important for system efficiency.  
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According to 2006 estimates by the US Department of Energy, HVAC&R systems account for 
almost 31% of the electricity consumed by households in the US. With the worldwide growth of energy 
consumption, energy conservation has become an important issue and even a slight improvement in the 
system efficiency can have a profound impact in the energy expenditure. Therefore, attempts to improve 
the efficiency of these HVAC&R systems by means of minimization of the frosting and defrosting 
penalties can be of significant importance.  
In the next section, an extensive literature review is presented, highlighting the overall 
development in the area of manipulation of surface wettability and its effect on the condensation, frosting 
and defrosting characteristics, with more emphasis on the recent work. Available knowledge of the 
different techniques employed in minimizing the penalties associated with frosting/defrosting is explored. 
The review is followed by a discussion of the objectives and novelty of this study.  
 
1.2 Literature Review  
 
1.2.1 Manipulation of Surface Wettability  
 
Surfaces with wetting property which allows liquid droplets from its top to easily slide off or roll 
off are of significant practical importance in many fields, especially for self-cleaning, reduction of 
condensate retention, drag reduction, air cooling application etc. Manipulation of the wettability of a 
surface by modifying the surface roughness in a random or arranged manner has been attempted for a 
long time by many researchers to obtain the desired wetting properties.  
Contact angle study involves determination of wetting dynamics on a solid surface by a liquid 
and measurement of static and dynamic contact angles that the liquid droplets make on the solid surface. 
Study of contact angles can provide a great deal of information on the on the interaction of solids and 
liquids and it is a widely used and effective way to characterize a solid surface. It is usually expressed by 
Young’s equation (equation 1.1), which represents the balance of the interfacial energies on a liquid 
droplet in thermodynamic equilibrium on an ideal (perfectly flat and smooth) solid surface.  
 
cos SV SLe
LV
γ γθ
γ
−
=
                    (1.1) 
 
Here, θe is the Young’s contact angle or equilibrium contact angle and γSV, γSL, and γLV are the interfacial 
surface energies at the solid-vapor, solid-liquid and liquid-vapor interfaces, respectively.  
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Modification of the wetting behavior of a surface is usually accomplished by changing the surface 
energy and/or by changing the surface topographic features. For achieving the so-called super-
hydrophobicity, characterized by very high water contact angle (typically >150o) and very low sliding 
angles (typically ~5o), most of attempts have been directed towards combination of creating a patterned 
surface roughness and then applying a chemical coating that is hydrophobic in nature.  
Depending on the way a droplet rests on a rough hydrophobic surface with micro-structures, two 
idealized wetting modes (or states) are usually considered. When the drop rests on the top of the surface 
asperities in a manner such that it does not have any contact with the bottom or base of the asperities, and 
there is an air pocket present below the liquid droplet as a result [Figure 1.1(a)], the wetting mode is 
called Cassie-Baxter (CB) wetting or composite wetting (Cassie and Baxter, 1944). The apparent contact 
angle in the composite wetting regime is given by Cassie’s formula (equation 1.2).  
 
cos (cos 1) 1C eθ φ θ= + −                                                         (1.2) 
 
where θc is the apparent contact angle when the droplet is in Cassie-Baxter state, Φ is called the solid 
fraction, which is the ratio of the wetted area to the planar area, which has a value of <1.  
The other wetting mode is called the Wenzel or homogeneous wetting mode (Wenzel, 1936) in 
which the liquid droplet sinks down the surface roughness features and reaches the bottom surface [Figure 
1.1(b)]. The contact angle is usually higher in the Cassie-Baxter state than in a Wenzel state, although the 
Wenzel state is the more stable state as it is usually the lower energy state. The apparent contact angle for 
droplets in the Wenzel wetting state is given by the equation 1.3.  
 
cos cosW erθ θ=                                     (1.3) 
                                                                             
where θw is the apparent contact angle for droplet in a Wenzel wetting state and r a roughness parameter  
which is the ratio of the wetted area to the planar area (r >1).  
 
              
 (a)                                                            (b) 
Figure 1.1 Droplets in a a) Cassie and b) Wenzel wetting mode on surfaces with periodic microgrooves. 
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 The two different wetting regimes are reported to affect contact angle hysteresis, which is 
generally considered to be the most important parameter in determining the sliding behavior of liquid 
droplets from a surface, profoundly. Contact angle hysteresis is defined as the difference between the 
advancing and receding contact angles, which are the upper and lower ranges of the possible contact 
angles a liquid droplet will manifest on a surface, respectively. The advancing and receding contact 
angles are typically measured by one of the following two methods: (1) a tilt table method where the 
angles made by the top and bottom confluence of a droplet at incipient motion on a tilted plane are 
measured; or (2) by pushing liquid in and out of a sessile droplet on a horizontal substrate very slowly 
until the solid-liquid contact area is changed and maximum and minimum contact angles are recorded.   
Contact angle hysteresis is responsible for pinning a droplet on a tilted surface, preventing it from 
sliding down. Usually when the droplet is in the Wenzel mode, the contact angle hysteresis is higher 
because of the increased solid-liquid contact area. A liquid drop in the Cassie state, on the other hand, 
shows lower hysteresis because of the trapped air underneath the drop which results in less solid-liquid 
contact and reduction in the drag force. Although the Cassie or Wenzel droplet can have apparent contact 
angle of very comparable magnitudes, hysteresis and adhesion of the droplet is markedly higher in 
Wenzel regime. Among the factors that affects wettability, surface roughness, chemical nature of the 
surface, surface deformation, and solid-liquid interaction are considered to be the most significant. The 
effect of surface roughness on the contact angle hysteresis is quite complicated. 
Bico et al. (1999) suggested that it is not surface roughness but solid fraction (fraction of solid 
surface which is in contact with liquid), which is the most important parameter in determining the contact 
angle of a rough hydrophobic surface. It is possible to achieve superhydrophobicity on a surface having a 
small surface roughness value, if the roughness parameters can be designed in a way to suspend the 
droplets on top of the roughness (Cassie-Baxter state). 
Johnson and Dettre (1964a, 1964b) proposed a model of wettability for a hydrophobic surface 
with sinusoidal structure, pointing out that the wetting mode undergoes a transition from Wenzel state to 
Cassie-Baxter state as the roughness of the surface increases and reaches a critical value. Contact angle 
hysteresis increases with increase in surface roughness when the liquid droplet is in Wenzel state, 
decreases abruptly as transition to Cassie state occurs and then continues to decrease with an increase in 
surface roughness when it is in Cassie-Baxter wetting state. Their theory was corroborated by their 
experimental work later and also by studies conducted by other researchers (Miwa et al. 2000, Lafuma 
and Quéré 2003, Dorrer and Rühe 2006, Yeh et al. 2008). 
The fact that surfaces exhibiting very high apparent contact angles do not necessarily repel water, 
even at high tilt angles led to the idea that the shape and continuity of the three-phase contact line of the 
liquid droplet is important. Youngblood and Mccarthy (1999), Öner and McCarthy (2000) and Extrand 
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(2002) have proposed that the length and structure of the three-phase contact line are more appropriate 
parameters than roughness alone in characterizing contact angle hysteresis on a surface. Their argument 
was that Cassie’s theory is not suitable for predicting the advancing and receding contact angles and 
contact angle hysteresis as it cannot explain the pinning and release of three-phase contact line of a 
moving droplet. This theory has also gained support from many researchers examining contact angle 
hysteresis and liquid sliding properties on different types of surfaces with varying wettability.  
Dorrer and Rühe (2006), from their study of droplet motion on superhydrophobic silicon surfaces 
containing microposts of varying width and spacing, suggested that the while the advancing contact angle 
is not influenced, the receding contact angle is strongly affected by the geometric parameters of the posts. 
They postulated that the resulting variation in the contact angle hysteresis with surface roughness is due to 
the variation in receding angle only and these results were in good agreement with the findings of Dettre 
and Johnson (1964a).  
Study of the effect of geometric parameters on contact angle hysteresis on silicon wafers having 
micropillar-like structures of different spacing and pillar size and fabricated by photolithography 
(followed by self-assembled fluorosilanated monolayer) was conducted by Yeh et al. (2008). They found 
that geometric parameters of micro-structures can significantly affect the contact angle hysteresis as 
hysteresis was found to increase with pillar size at a fixed spacing while it decreased with an increase in 
spacing for a fixed pillar size. However, at the Cassie-Baxter wetting state, advancing and receding 
contact angles, and hence hysteresis was independent of the surface roughness. They also reported contact 
angle hysteresis to be a monotonically increasing function of solid fraction. On the other hand, the 
receding contact angle of a water drop in Cassie-Baxter state was reported to be independent of solid 
fraction by Dorrer and Rühe (2006). 
Contact angle hysteresis, liquid sliding and self-cleaning properties of different types of surfaces 
with varying wettability have been studied by many researchers, both experimentally and theoretically, 
and surface design guidelines for achieving maximum water repellency from these surfaces were 
proposed by many of them. The idea that achieving a Cassie-Baxter state promotes sliding and self-
cleaning has been stressed as important by many researchers, because the composite interface 
significantly reduces the contact angle hysteresis and resistance to sliding. 
A mathematical expression for the tilt angle, at the onset of droplet sliding, was given by 
Furmidge (1962) which describes the relationship of the sliding angle with the shape of the droplet and 
contact angle hysteresis on a smooth surface. In general, the dimensionless retentive force acting on 
parallel-sided or elliptical droplets can be expressed as -  
     Re(cos cos )S c Adv
F k
w
θ θ
γ
= −                       (1.4) 
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and for circular drop, the relationship becomes  
     Re(cos cos )S c Adv
F k
R
θ θ
γ
= −
                      
(1.5) 
where γ is the surface tension of liquid-vapor interface, w and R are the width and radius of the parallel-
sided/elliptical droplets and circular droplets, respectively; Advθ and Recθ  are the advancing and receding 
contact angles, respectively, and k is a numerical constant known as the retentive force factor. 
Mathematical expressions of sliding angles on rough surfaces have also been reported (Extrand and Gent 
1990, Miwa et al. 2000).  
Extrand and Kumagai (1995) investigated the relationship between contact angle hysteresis, 
droplet retentive force, and shape of the sliding droplets on four polymers and silicon surfaces. An 
increase in the elongation and back to front asymmetry of the droplet and droplet retentive force was 
reported with an increase in the contact angle hysteresis. They also suggested that surface roughness does 
not influence the hysteresis that much as the chemical nature of the surface does. The relationships 
between the sliding angle, contact angle, and the surface structure were also investigated by Miwa et al. 
(2000) for a series of superhydrophobic films having different surface roughness. They found that the 
sliding angle is strongly affected by the surface structure and surfaces with higher structures exhibit 
higher contact angles and lower sliding angles. This observed decrease in sliding angle for higher contact 
angles was due to the droplet being in a Cassie-Baxter state. An equation describing the relationship 
between the sliding angle and contact angle for rough hydrophobic surface was also proposed, which 
exhibited good agreement with their experimental data.   
Sliding behavior and self-cleaning performance of different types of surfaces (chemically treated 
silicon wafers with microscopic spikes, hydrophobized rough metal substrates) were investigated by 
Fürstner and Barhlott (2005) by contaminating these surfaces and then subjecting them to artificial fog.  
They reported very high removal of contaminants from most of these surfaces (about 98% for rough metal 
substrate) with fog having water droplets of diameter in the range of 8-20 µm. They also observed that for 
lower spike height and higher pitch, the sliding angles of the water droplets were higher due to increased 
solid-liquid contact areas.  
The effect of microstructure and chemistry on the wettability of hybrid silicon surfaces consisting 
of hydrophobic and hydrophilic sites was examined by Yao et al. (2012).  The objective was to promote 
Cassie- Baxter wetting to enhance dropwise condensation from the hybrid surfaces which were designed 
to have an array of square micropillars with hydrophilic tops and hydrophobic valleys or troughs. A 
model, based on the principle of surface energy minimization, was also developed to predict the 
wettability of the hybrid surfaces. From the experimental and model results, they found that an increase in 
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the hydrophobicity of the hybrid surface by the microstructure geometry and material results in higher 
contact angles. Hydrophobic material on the edge of the micropillars was reported to increase the 
equilibrium and advancing contact angles, while hydrophilic material on the hybrid surface was found to 
reduce the receding contact angle.  
The effect of curvature and flexure on the wettability and droplet mobility on polymer substrates 
with regular microstructures was examined by Cannon and King (2010). Microstructured silicone 
substrates were flexed into various curved configurations of various radii. For positive curvature, the 
silicone was flexed over the outside of the curved fixture, or inside for negative curvature. They reported 
that although the range of curvatures used in their study did not affect static contact angle considerably, 
the dynamic wettability was significantly affected. The mobility of the liquid droplets decreased as the 
curvature of the surface became more positive and as the pitch of the microstructures decreased.  By 
examining the pillar–droplet interactions of solidified metal droplets onto the surface of the 
microstructured silicone, thy found that the receding contact line interacts with fewer microstructures as 
the curvature of the surface increases, which results in a smaller capillary drag on the droplet. 
The dynamics and physical mechanisms of sliding of droplets from surfaces with microstructures 
have been studied by many researchers, and they have attempted to explain the droplet motion. Thiele and 
Knobloch (2006) studied the mechanism of depinning or release of the three-phase contact line in the 
sliding motion of droplets from a heterogeneous surface. They studied pinning of the droplets by a 
hydrophobic defect at the front and hydrophilic defect at the rear confluence and concluded that, in both 
the cases, depinning occurs by a loss of stability of the pinned drop. Lv et al. (2010) reported the nature of 
sliding droplet motion on the surface with micropillar structure to be the detachment of the rear end of the 
droplet from the outer edge of the pillar to the outer boundary of the next pillar. Dorrer and Rühe (2006) 
suggested that during the advancing motion of a droplet on the post surface, contact angle at the 
advancing front reaches 1800 i.e., the drop meniscus becomes horizontal. Patankar (2010) explained this 
observed contact angle of 1800 during advancing motion to be due to the pinning of a droplet by the pillar 
edge until the drop liquid-air interface becomes horizontal and touches the top of next pillar. 
 
1.2.2  Anisotropic Wetting and Droplet Motion on Microgrooved Surfaces 
 
Anisotropic wetting refers to the preferential spreading of liquid drop in certain direction(s) on a 
surface. Surfaces with directional wetting properties that promote liquid drainage are of significant 
practical importance in many fields. Surfaces with isotropic micropatterns, such as pillars and posts of 
uniform size and spacing, usually exhibit isotropic wetting i.e., the liquid spreads more or less equally in 
all directions. Surfaces with parallel, grooved/striped topographical features, on the other hand, can 
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exhibit strong anisotropic wetting characteristics due to the difference in the energy barrier to wetting in 
the two directions, i.e. parallel and orthogonal directions of the grooves. Wetting characteristics of 
microgrooved surfaces have been studied widely because of the possibility of attaining high contact 
angle, low sliding angle and enhanced liquid drainage on these surfaces. 
In an early study, the effect of surface roughness on the spreading of liquids on nitrocellulose 
surfaces with parallel grooves was examined by Oliver et al. (1977). They found that depending on the 
groove dimensions and the equilibrium contact angle on the smooth surface, two limiting drop shapes can 
be found: one with an almost spherical drop for liquids with large equilibrium contact angle (θe >90o), and 
an elongated cylindrical drop for small equilibrium contact angle (θe <90o). Droplets of two different 
liquids (Mercury and polyphenylether (PPE)) were deposited on the surface; mercury drops assumed a 
near-spherical shape on all grooved surfaces (Cassie-Baxter state), whereas in the case of PPE drops, 
spreading occurred along the grooves (Wenzel state), resulting in cylindrical drops. The elongation of the 
PPE droplets was due to the easier spreading along the grooves which served as capillary channels and 
resistance to spreading across the grooves due to the presence of groove edges. 
That liquid can drain more easily from microgrooved surfaces (with grooves aligned in the 
direction of sliding) than surfaces with micropillars has been reported by Yoshimitsu et al. (2002). They 
examined the effect of the weight of liquid droplets and the impact of length and shape of the three-phase 
contact line on the liquid sliding behavior on silicon wafers with pillar or groove-like microstructure 
prepared by dicing and followed by fluoroalkylsilane coating. They reported better water shedding 
properties from microgrooved surfaces in the parallel direction of the grooves than on surfaces with 
micropillars or in the orthogonal direction of the grooves, although the apparent contact angle on the 
grooved surface was lower than that on the pillar structure. The presence of lower energy barrier to the 
movement of the three-phase contact line and the continuity and shorter length of the three-phase contact 
line in the parallel direction of the grooves has been cited as the reasons for this improved liquid sliding 
characteristics on the microgrooved surfaces.  
Morita et al. (2005) studied the anisotropic wetting behavior on micro-patterned fluoroalkysilane 
monolayer surfaces with alternating hydrophilic-hydrophobic area of line width of 1-20 µm and droplet 
size of 0.5 to 5.0 mm. The contact angles in the orthogonal directions to these stripes were found to be 
higher (about 10-30o) than the same in the parallel direction to the stripes for any line width. In explaining 
their findings, they supported the theory originally proposed by Youngblood and McCarthy (1999) that 
the energy barrier to spreading or wetting is responsible for the contact angle anisotropy, rather than 
surface asperity or line tension. The droplets are not subjected to any energy barrier to wetting by the 
three-phase contact along the stripes. However, the alternating hydrophobic stripes presented a wetting 
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energy barrier to the motion of the three-phase contact line in the orthogonal direction, pinning the 
droplets in the hydrophobic regions.  
In a combined numerical and experimental study, Chen et al. (2005) investigated the effect of the 
dimension of surface roughness on the wetting behavior of a single PDMS substrate with parallel 
microgrooves (pillar width ~ 23 µm, groove width ~ 25.6 µm, groove depth ~30 µm). They suggested that 
a droplet on a grooved surface might assume an equilibrium shape by obtaining a local free minimum 
energy state, whether in a Wenzel or Cassie-Baxter wetting state, depending on the number of pillars they 
are residing on. In composite wetting, the apparent contact angles in both directions of the grooves are 
usually larger than the intrinsic value of contact angle on the substrate material (baseline).  
A different approach to control the anisotropy of microgrooved surfaces on a sub-micrometer 
scale was reported by Xia et al. (2010). By using polymer deposition and interferometric lithography on 
photoresist films and conducting plasma treatments (with standard reactive ion etching) with different 
gases (CF4, O2, and CHF3), they were able to manipulate the anisotropic wetting property from ultra-
hydrophobic (up to 140o) to ultra-hydrophilic (~ 0o). The tailoring of the surface wetting characteristics 
was mostly due to the change of surface chemistry that results from the plasma treatment. The authors 
also reported that the wettability of the microgrooved silicon substrates could also be tailored using 
similar plasma treatment. 
Zhao et al. (2007) examined the wetting behavior on submicrometer-scale periodic structures 
consisting of parallel grooves (depth ~50-150 nm, wavelength ~396-513 nm) on polymer films which 
were fabricated by laser interference of various energy levels. They found that wetting anisotropy 
increases with an increase in the groove depth, as the static contact angle in the parallel direction of the 
grooves increased with groove depth, while the groove depth had no effect on the contact angle in the 
perpendicular direction. Based on this findings, they argued that the wetting state was Wenzel, as contact 
angle in the Cassie-Baxter wetting state does not depend on the groove depth since the there is no contact 
between the droplet and groove bottom. They also developed a thermodynamic model to show the 
variation of Gibbs free energy of the system and found that the energy barrier increases with groove 
depth, so the wetting anisotropy was higher for the deeper grooved surface. Choi et al. (2006) also 
investigated the effect of periodic parallel grooves of sub-micrometer dimensions (pitch ~230 nm, pillar 
width ~50 nm, and depth ~ 500 nm) on the slip and friction properties in microchannels, for both 
hydrophobic and hydrophilic conditions. It was found that even under pressurized liquid flow conditions 
(> 1 bar), these grooved superhydrophobic surfaces not only reduce friction in liquid flows but also 
enable directional control of the slip. The large effective slip of liquid exhibited by these hydrophobic 
surfaces with microchannels is potentially of great significance in engineering applications, including 
microfluidic systems. 
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The effects of an increase in the droplet volume on wetting anisotropy, for both hydrophobic and 
hydrophilic parallel microgrooved substrates, were experimentally investigated by Yang et al. (2009). 
They used drop volumes in the range of 400 pL to 4.5 µL, and conducted experiments on five samples 
with a fixed groove depth (3 µm) but different groove width (5-100 µm). The samples were fabricated by 
hot embossing of plasma polymer on poly-methyl methacrylate (PMMA) coating. They found a sharp 
increase in the static contact angle for an increase in the droplet volume in the picoliter level; however, 
there was no significant change in the contact angle in the microliter range. Anisotropy in the wetting of 
the grooved surfaces was reported to be more for bigger droplets on both the hydrophilic and hydrophobic 
surfaces. It was postulated that droplets of different size reach different metastable state during the 
wetting process due to the pinning of the contact line by the groove edge, exhibiting the observed 
variation in the contact angle with drop size.  
Mobility of injected water and oil droplets and retention of poured water and oil on 
polydimethylsiloxane (PDMS) substrates having microgrooves of varying groove width, spacing and 
depth in the sub-millimeter range were studied by Osada et al. (2008). The groove depth was in the range 
of 15 to 100 µm; groove width and pillar width were both in the range of 100 to 1000 µm and had the 
same value on a substrate. The sliding angle decreased with increasing drop volume (in the range of 20 to 
200 µL) in both directions to grooves for water and oil droplets, with sliding angle in the parallel direction 
to the groove being always smaller than the same in the orthogonal direction.  
That anisotropy of slip angle (critical sliding angle) can also be achieved on micropatterned 
surfaces other than the surfaces with continuous grooves was reported by Barahman and Lyons (2011) 
and Long et al. (2009). Barahman and Lyons (2011) reported anisotropy in slip angle on 
superhydrophobic surfaces composed of arrays of polydimethylsiloxane (PDMS) posts with a slope. The 
slope of the posts was varied from 0 to 50o relative to the surface normal. The maximum anisotropy in the 
slip angle was about 32o on surfaces which had posts with a slope of 50o relative to the surface normal. 
They attributed the observed anisotropy in slip angle to an increase in the length of the three-phase 
contact line. When the deposited liquid droplet was tilted in the direction against the post slope, it resulted 
in an increased energy barrier. On the other hand, the contact line decreased when the drop traveled in a 
direction parallel to the post slope.  
In the field of tissue engineering, microgroove topography is also the most widely used surface 
pattern to regulate cell shape, and spreading and alignment of cells (Zhou et al. 2013). Microgrooved 
surfaces exhibited anisotropic cell migration and growth as the cells grown on microgrooves were 
elongated and aligned along the direction of the grooves. Different geometric parameters of the 
microgrooves, such as groove depth, width and spacing on were also found to significantly influence the 
cell culture growth behavior. While some authors suggested that the width of pillars has more influence 
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on cell alignment than that of the groove width, and that the groove depth was less important (Braber et 
al. 1996), others have reported that the groove depth affects the cell alignment (Clark et al.  1990).  
The majority of the reported studies on the fabrication and characterization of hydrophobic 
surfaces with microstructures and to understand the mechanism of anisotropic wetting are for chemically 
patterned surfaces. There has been very limited work reported in the open literature on the wetting and 
liquid drainage characteristics on microgrooved metal surfaces in spite of the reported improvements in 
water drainage for microgrooved over flat and micropillared surfaces and importance of metal from an 
engineering point of view. 
A novel casting process to produce aluminum molds having large and complex curved surfaces 
with integrated microstructures was developed recently by Cannon and King (2010).  The manufacturing 
process involved casting the aluminum from curved microstructured ceramic mold, which were casted 
initially from curved micropatterned rubber. This method allowed metal micro-casting without requiring 
micro-fabrication equipment once the silicon molds have been made. Aluminum microstructures casted 
were of the sizes ranging from 25 to 50 µm and an aspect ratio of 1:1. They reported to cast different 
microstructures such as circular, triangular and square holes successfully into the aluminum with 
excellent reproducibility. They also showed the application of this technique by casting micropillars into 
polymer substrate from an aluminum mold and reported significant enhancement in the hydrophobicity of 
the polymer. 
A study of contact angle hysteresis and sliding behavior of water droplets on aluminum surface 
with parallel microgrooves having dimensions of tens of microns was carried out by Sommers and Jacobi 
(2006, 2008), who compared these behaviors to that on the flat baseline surfaces. The topographic 
modification of the aluminum surfaces was obtained by a standard photolithographic process and no 
chemical treatment of the surfaces was performed. In most cases, contact angle hysteresis on 
microgrooved surfaces was found to be lower than that on the flat baseline surface and the sliding angle 
was consistently lower. But even when the hysteresis on the microgrooved surface was higher (370) than 
on the flat baseline surface (190), sliding angle was found to be lower for microgrooved surface. They 
reported an elongated base contour of the droplet on the microgrooved surface along the grooves and a 
reduction of more than 50% in the volume of both injected and condensed water droplets at the incipient 
sliding was achieved compared to the same on the flat aluminum surface.  
Liu et al. (2009) studied the water retention behavior of microgrooved aluminum surfaces where 
the microscale features were imparted on the surface by a surface embossing technique and compared that 
to flat surfaces. However, due to the limitations resulting from the distortion of the samples upon the 
application of embossing pressure, the shape of the groove was sinusoidal and the minimum width and 
maximum depth of the microgrooves was about 30 µm and 15 µm, respectively. A consistent reduction in 
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the critical sliding angle with grooves aligned in the direction of gravity was reported, which was argued 
to be due to the contact line discontinuities and contact line pinning of the droplets on microgrooved 
surface.  
Super-hydrophobic wetting and very low roll-off angle from brass substrate with two-tier spike-
like roughness (with dimensions of ~5 µm and 200-600 nm, respectively), fabricated by a laser ablation 
technique has been reported earlier by Tang et al. (2011). This work provided both the static contact angle 
and sliding angle data for one single droplet size on a single micropatterned substrate, with no data 
available for repeated experiments or variation in the dimension of the microstructure. 
Very recently, Wang et al. (2013) provided the first data on the dynamic wetting behavior on 
microgrooved metallic surfaces. It was found that the wetting regime (Wenzel or Cassie-Baxter) during 
drop motion on a microgrooved surface does not necessarily follow the wetting regime observed under 
static conditions, and both the Wenzel and the Cassie-Baxter wetting regimes can be manifested. In a 
Cassie-Baxter wetting state, water droplets became more elongated as the Cassie-Baxter roughness 
increased. Droplets in the Wenzel and Cassie-Baxter wetting states had dynamic advancing contact angles 
that increased with drop velocity and dynamic receding contact angles that decreased with velocity. In the 
Cassie-Baxter state, dynamic contact angles were found to vary linearly with velocity and had larger 
hysteresis for larger Cassie-Baxter roughness. The behavior was found to be more complicated for 
droplets in the Wenzel wetting state, showing nonlinearity in dynamic contact angles, with generally 
larger hysteresis for larger Wenzel roughness. 
In summary, although a significant amount of studies have been conducted on the fabrication and 
characterization of micropatterned hydrophobic surfaces and to understand the mechanism of anisotropic 
wetting, majority of these work are on chemically patterned surfaces. Very little work could be found on 
wetting anisotropy on hydrophobic metallic surfaces with patterned structures. However, a detailed study 
on the effect of surface roughness parameters and the influence of drop size on the anisotropic wetting on 
metal surfaces with parallel microgrooves could not be located in the open literature. 
 
1.2.3  Effects of Wettability on Condensation and Frost Formation 
 
There has been considerable interest among researchers in understanding and manipulating the 
effects of surface wettability on the condensation and frosting processes. The distribution, size and shape 
of the water droplets during the condensation process is governed by the surface wettability, which in turn 
affects the properties of the frost layer in both early and mature stage of frost growth. For instance, the 
condensed and hence frozen droplets on a hydrophobic surface might take spherical shapes with a sparse 
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distribution of droplets, while on a hydrophilic substrate condensate might assume the shape of thin film 
of water/frost and higher area coverage under the same operating conditions. 
The loss of superhydrophobicity during the condensation process on different types of 
micropatterned surfaces in a number of studies has been reported, and attributed to the condensed droplets 
forming both on the top and valley of the surface asperities and the Cassie-Baxter wetting state not 
observed. Although the sample surfaces used in these studies exhibited a Cassie-Baxter wetting and high 
liquid repellency at room temperature, a wetting transition to the Wenzel state was observed as the 
temperature was lowered to near the freezing point. However, dropwise condensation and retention of a 
Cassie-Baxter wetting state and superhydrophobicity of condensed water droplets have been reported 
recently, mostly on binary micro-nano-patterned surfaces. The ability of superhydrophobic surfaces to 
maintain a Cassie-Baxter wetting state at sub-zero temperature for sprayed supercooled water droplets 
(freezing rain) has also been reported (Wang et al., 2010).  
In an early study, Smol'Skii et al. (1973) studied the mechanism of condensation process and the 
effect of surface wettability on the condensation mode in narrow copper and aluminum alloy (duralumin) 
channels in forced, humid air stream. They reported that depending on the wettability of the surface, the 
condensation mode can be either dropwise or filmwise condensation. Dropwise condensation was 
observed to occur on the copper surfaces, which were made hydrophobic by treating them mechanically 
and then ensuring the formation of an oxide film over the surface. From the vapor flow rate data during 
condensation on different surfaces, they concluded that the hydrophobic surfaces were more favorable to 
higher rate of heat transfer during condensation.   
That the wetting, growth and coalescence of condensed droplets on a hydrophobic or hydrophilic 
substrate can be quite different from the behavior observed for placed or injected droplets was reported 
initially by Lafuma and Quéré (2003) from their study for surfaces with triangular spikes (with typical 
height and spacing of 2 µm). The authors found that condensation of water vapor on the same surfaces 
leads to a Wenzel wetting state. In addition, they observed that the contact angle hysteresis increases to 
~100 –105° in this case compared to very low hysteresis (~5°) exhibited for a Cassie wetting. The growth 
dynamics of condensed droplets and mobility of these droplets on a series of superhydrophobic surfaces 
with silicon posts (with height of 40 µm and width of 2-8 µm) were examined by Wier and McCarthy 
(2006). They also observed that water condenses both on the top and between the surface textures, 
significantly increasing the contact angle hysteresis and hence decreasing the mobility of the droplets. 
Narhe and Beysens (2004, 2006, 2007) conducted a series of similar studies on substrates with various 
kinds of chemically patterned microscale surface roughness and reported the observed difference and 
unique characteristics in the wetting pattern on these micro-patterned surfaces. They also identified 
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different stages in the condensation process on these micropatterned surfaces and reported the growth 
pattern of the condensed droplets. 
Cheng and Rodak (2005) found that while lotus leaf surfaces exhibit superhydrophobic behavior 
for deposited macroscopic water droplets on its surface, the well-known superhydrophobicity may or may 
not be present when water droplet is condensed on its surface. The surface might act as either 
hydrophobic or hydrophilic upon condensation. In order to explain the hydrophilic behavior, they 
postulated that tiny condensed water droplets might get trapped in the nano–hairy regions on the lotus leaf 
surface which remain trapped as they grow or coalesce with larger droplet.  
Condensed droplets on superhydrophobic fluorinated silicon surfaces with microposts were found 
to be either in a metastable Wenzel state or a mixed Cassie-Wenzel state during condensation in a study 
by Dorrer and Rühe (2007). Wenzel to Cassie wetting transition is possible upon continued condensation 
when these microscopic droplets grow upward and coalesce with a Cassie droplet, or by the movement of 
the contact line of coalescing macroscopic droplets overcoming the energy barrier to dewetting. The 
increase in contact angle hysteresis and reduction of droplet mobility of condensed droplets were also 
reported.  
Continuous dropwise condensation and retention of the Cassie superhydrophobicity for 
condensed water droplets on lotus-like surfaces were reported by Chen et al. (2007). The substrates had a 
binary micro-nano structure, fabricated by depositing nano-scale carbon nanotubes on micromachined 
posts and followed by chemical coating. At the initial stage of condensation, nucleation of tiny droplets 
was found to occur both on the top of the micropillars and in the cavities. However, as condensation 
continued, the droplets soon started to coalesce and the coalesced droplets moved upward to rest on the 
top of the microposts and the wetting state was Cassie-Baxter, as suggested previously by Dorrer and 
Rühe (2007). They conjectured that the improvement in droplet removal over the lotus leaf surface 
(Cheng and Rodak, 2005) was due to the lower surface energy of the hexadecanethiol coating (~101° 
compared to the wax coating of lotus leaves θ ~74°). Zheng et al. (2008), from their study on the 
mechanism of the dynamic suspendability of water droplets on lotus leaf by means of water condensation, 
also reported a different observation from that of Cheng and Rodak (2005). Observing that the surface of 
the lotus leaf is composed of numbers of papillae (with an average diameter of ~5 µm at the top) which is 
covered with numerous nano-hairs of diameter ~100 nm, they suggested that during condensation, a 
wettability gradient is generated on the exterior surface of the lotus leaf. They examined water 
condensation on a lotus leaf inside an environmental scanning electron microscope (ESEM) and observed 
that high energy surface on the top of the papillae and low energy surface in the valley of the papillae 
creates this wettability gradient. As a result, the microdroplets forming on the valley will move towards 
the top of the papillae in the process of growing bigger via continuous condensation and coalescence.  
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The influence of condensation on the superhydrophobicity of a number of surfaces (eight 
superhydrophobic leaf surface and four artificial textured surfaces), having different degrees of 
hierarchical roughness, was examined by Mockenhaupt et al. (2008). They observed a decrease in the 
superhydrophobicity on all surfaces with increasing cooling of the substrate, except on the surface of the 
lotus leaf. The hierarchically structured surface, especially the lotus leaf, was best in terms of retaining 
superhydrophobicity under continuous condensation. Their results were not in agreement with the 
findings of Cheng and Rodak (2005) who reported a loss of superhydrophobicity of the lotus leaf upon 
condensation. However, the surface temperature during condensation and the experimental methods were 
not similar in these studies. Later, Boreyko and Chen (2009) reported a very different mechanism of the 
spontaneous removal of condensed droplets from horizontal, superhydrophobic surfaces with 
micropillars. In their study they found that when the average drop diameter reaches a threshold value, 
coalescence of the droplets leads to self-propelled mobilization and spontaneous removal of the merged 
droplets from the surface. It was conjectured that this mechanism of droplet motion is powered by the 
surface energy which is released upon droplet coalescence, causing an out-of-plane jumping motion. This 
mechanism of droplet motion during condensation is different from those reported by some other authors 
(Chen et al. 2007, Dorrer and Rühe 2008, Mockenhaupt et al. 2008). 
Lau et al. (2003) reported that the superhydrophobic effect was observed on surfaces with vertical 
carbon nanotubes with a poly-tetrafluoroethylene (PTFE) coating for condensation inside an ESEM. They 
also claimed that superhydrophobicity was retained even after repeated condensation and evaporation 
cycles on this PTFE-coated array of nanotubes. However, their conclusion about the wetting state of the 
condensed droplets was based completely on images taken from the top-down view and at a tilt angle of 
15o. Therefore, the actual three-phase contact area and the nature of contact could not be verified.  In a 
later study, Varanasi et al. (2009) reported spatial control of heterogeneous nucleation for condensation 
on a surface with both hydrophilic and hydrophobic regions. On superhydrophobic substrates consisting 
of an array of hydrophobic posts with hydrophilic top having intrinsic contact angles of ~110° and ~25°, 
respectively, they observed under ESEM that the nucleation of condensed droplets is favored on the 
hydrophilic tops of the surface. Thus, these hybrid surfaces promoted nucleation and growth of Cassie-
Baxter droplets upon condensation.  
Dorrer and Rühe (2008) reported the retention of a Cassie wetting state and high mobility of 
condensed droplets on superhydrophobic silicon ‘nanograss’, consisting of sharp spikes with an average 
height of 10 µm. When water was condensed on this ‘nanograss’ surface, even the smallest droplets were 
reported to be in a Cassie wetting state. The larger droplets formed by the process of merging and 
coalescence were found to have very high mobility, moving a considerable distance (typically about 4 
mm) upon coalescence without the application of any force. They attributed this mobility of the larger 
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droplets to be due to the reduction of the liquid-air interfacial area and consequent large amount of energy 
release during droplet coalescence.  
As been discussed before, although the literature is replete with condensation studies on various 
chemically patterned hydrophilic or hydrophobic surfaces, very little work could be found in the open 
literature on the condensation and frost formation characteristics on surface with parallel microgrooves. 
Narhe and Beysens (2004) conducted the first study on condensation of water vapor on microgrooved 
surfaces and reported the observed differences and unique characteristics in the wetting pattern of 
condensed droplets on these surfaces. After examining the growth dynamics of condensed water droplets 
through optical microscopy, they identified and reported four stages of droplet growth and formulated the 
corresponding growth laws for these different stages. In addition, they observed a self-similar growth 
pattern of the condensed droplets and reported that air pockets did not exist during condensation on the 
microgrooved surface. 
Very recently, the effects of surface chemistry and topographic modification on the morphology 
and growth of condensed droplets on both chemically homogeneous and heterogeneous substrates with 
rectangular microgrooves have been analyzed both experimentally and numerically by Zhong et al. 
(2013). The morphology of the condensed droplets on the surface of the microgrooves was simulated 
based on the principle of the minimization of surface energy. The samples were of different surface 
materials and fabricated by standard optical lithographic technique, with the microgrooves being 20–40 
µm in spacing and 20–180 µm in depth. Although similar morphologies of condensed droplets were 
observed on all the samples, the dimensions of contact lines and drop motion resulting from the 
coalescence between droplets on grooves and droplets on plateaus were found to be strongly affected by 
surface chemistry.  
There has been considerable research on frosting because of its impact on the efficiency of heat 
transfer equipment operating under frosting conditions. Studies of frost formation, in the form of 
analytical, experimental, modeling or numerical analysis have been carried out on different types of cold 
surface geometry, both simple and complex. Studies of frost formation on cold surfaces can generally be 
classified into the following few major categories – a) Microscopic visualization of frost formation, 
growth and frost structure for a wide range of surface and operating conditions, b) Experimental and 
numerical study to examine the effects of different frosting parameters such as temperature, humidity, air 
velocity etc. on the frosting process and frost properties, c) Development of analytical, empirical, or 
numerical models to predict the formation, growth and properties of frost layer, d) Investigation of the 
effects of frost formation on the performance of different applications and systems operating under 
frosting condition, and e) Studies discussing the techniques or methods to prevent/delay the formation of 
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frost on a cold surface (which often involves the application of an ‘anti-frosting’ coatings on a surface) or 
to release frost from the surface etc.  
Studies on the microscopic observation of the condensation and frosting process on cold surfaces, 
for a wide variety of operating conditions and surface geometry, have been conducted by many 
researchers. These studies give useful information on the size and distribution of the frozen droplets and 
the growth pattern of the frost crystals in the early and mature stages of frost formation, all of which are 
found to significantly influence frost properties such as density and thermal conductivity. Study of frost 
formation on a vertical or horizontal flat surface under natural/forced convection condition has been 
studied for a long time. Only a selected few are discussed here.  
Hayashi et al. (1977), in their highly cited study, investigated the relationship between the frost 
structure and frost properties using microscopic observation of the frost formation on flat plate in parallel 
flow. They classified the frost formation and growth in different stages according to their structure and 
presented a simple structural model of the frost layer composed of ice-columns and ice-air composite 
parts. They also reported the frost density in accordance with the classified frost formation types and 
predicted the thermal conductivity of the frost layer using the theoretical frost structure model. Tokura et 
al. (1983), in a similar study on a vertical plate under natural convection condition, reported that the frost 
layer grows linearly with time up to a certain stage of frost formation and then grows proportionally with 
the square root of time, and these regions correspond to what they called “one dimensional frost growth 
period” and “three dimensional frost growth period”, respectively.  
Seki et al. (1984) experimentally studied the condensation and incipient frosting on flat plate 
under forced convection condition and examined the effect of contact angle on the frost formation 
characteristics among other factors such as temperature of the substrate, condition of the air stream etc. 
Frost thickness was found to increase parabolically with time and frost thickness was higher and frost 
density was lower on the hydrophilic surface (contact angle ~43o) compared to the same on a hydrophobic 
surface (contact angle ~110o). The diameter of the condensed droplets on the hydrophilic surface was 
observed to be slightly bigger than condensed droplet on the hydrophobic substrate.  
There have been many studies on the understanding of the fundamental nature of frost formation 
and the effect of various environmental parameters on frost formation and growth and properties of frost 
layer due to its obvious importance in many fields of heat transfer. Frosting in forced convection 
conditions are encountered in a number of situations, such as air conditioning and refrigeration, 
cryogenics, frost on aircraft wings etc. and has a significant detrimental effect on the efficient operation of 
these applications/systems. These studies have been conducted on surfaces with different geometries 
(mostly flat plate or cylindrical surface) under a range of operating conditions. Again, a selected few are 
discussed here. 
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Yonko and Sepsy (1967), Sanders (1974) and O'Neal and Tree (1984) studied the effect of 
different frosting parameters (air temperature, air velocity, plate surface temperature, air humidity etc.) on 
the rate of frost growth, and frost properties such as frost density and thermal conductivity for frost 
formation on flat plate under forced convection conditions. They reported the effect of each of these 
parameters on the thickness and density of the frost layer. Biguria and Wenzel (1970) presented an 
experimental and analytical study of frost properties on a flat plate under forced convection condition for 
a temperature range of -29 to -98oC. They also presented correlations to predict the frost density and 
thermal conductivity using a frost structural model based on the random mixture of the constituent phases 
in the frost layer. A combined experimental-analytical study on the variations of the properties of frost 
layer on a flat plate in a turbulent flow was presented by Brian et al. (1970).  However, their frost growth 
model was not suitable to be applied for the early stages of frost formation. Şahin (1994) conducted a 
detailed experimental study to examine the effect of the environmental parameters, namely, plate 
temperature, air temperature, air humidity ratio, and Reynolds number on the early stage of frost 
formation in forced convection condition over a horizontal flat plate. Later, Şahin (1995, 2000) developed 
an analytical model to describe the crystal growth period of frost formation by using the principles of 
crystallization and nucleation theory. He claimed that the thermal conductivity of frost layer is not only a 
function of frost density, but also depends on the water vapor diffusion and sublimation in the frost layer. 
The effect of frost formation on heat transfer coefficient and pressure drop of finned coils of 
different spacing was investigated in an early study by Stoecker (1960). It was reported that although a 
thin layer of frost at the early stage can increase the overall heat transfer coefficient and does not affect 
the pressure drop considerably, a thicker frost layer would cause a decrease of the heat transfer coefficient 
and a significant increase of the pressure drop. In a similar study, Gates et al. (1967) examined the effect 
of frost formation and variation of a number of frosting parameters on the heat transfer and air pressure 
drop characteristics of heat exchangers. They claimed that the effect of frost formation is more 
pronounced on the air-side pressure drop, compared to the heat transfer coefficient.  
Na and Webb (2003) presented a theoretical analysis of the initial frost nucleation and the factors 
affecting it, especially the surface energy of the substrate, based on thermodynamic principles. They 
suggested that the air at the cold surface has to be in a supersaturated, metastable state in order to achieve 
the threshold embryo formation rate required for frost nucleation to take place. They further suggested 
that the required supersaturation degree will depend on the surface energy or wettability of the substrate. 
Following classical nucleation theory (Fletcher, 1970), they found that for frost nucleation to occur, a 
higher degree of supersaturation is required for a low energy surface than for a high energy surface. Thus 
they concluded that frost nucleation can be delayed on a substrate with lower surface energy. Piucco et al. 
(2008) also presented a theoretical model for predicting the heterogeneous frost nucleation on a smooth 
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surface based on the classical nucleation theory. According to their model, a higher supercooling degree 
is required for frost nucleation to occur as contact angle of the substrate increases up to a contact angle of 
~140o, after which nucleation limit is nearly independent of the contact angle. The model also predicted 
that for a supercooling degree is higher than 5oC heterogeneous frost nucleation is guaranteed, which 
suggests that surface coatings might have a minor influence on the frost nucleation on a smooth surface.  
The effect of different additional parameters such as electric field, oscillation etc. along with the 
more common frosting parameters on the condensation and frost formation phenomena have been studied 
by researchers. Maybank and Barthakur (1967) examined the effect of electric field on the formation and 
growth pattern of ice crystals in the presence of electric field strength of above 200 V/cm and observed a 
more rapid growth of the frost crystals in the presence of the electric field. Frost crystals grown in the 
presence of the electric field were also found to be more fragile and thinner compared to the same without 
an electric field. Cheng and Shiu (2003), studying the effect of oscillation at various amplitudes and 
frequencies from an electro-dynamic shaker on the frost formation, found that the oscillation can 
significantly affect the solidification pattern and size of the condensed water droplets and a denser and 
thicker frost layer was observed to form on the cold surface. Effect of electrohydrodynamics (EHD) on 
the frost formation and its potential as an active defrosting technique for an array of aluminum plates 
under forced air flow conditions was verified by Wang et al. (2004). They observed that the presence of 
electric field can significantly alter the frost formation pattern and frost structure characteristics, and the 
frost columns were pulled towards the electrode. The frost structure was more fragile and can easily break 
up and fall off due to the influence of gravity when formed in the presence of the electric field.  
Vortex generator is considered to be a promising method for enhancing air-side heat transfer of 
finned heat exchangers by means of inducing streamwise vortices between the fins, thereby thinning the 
thermal boundary layer. The effect of streamwise vortices on the deposition and structure of frost in a 
steady, developing, laminar channel flow was examined experimentally by Storey and Jacobi (1999) to 
assess its potential in refrigeration applications. They performed a scale analysis to explain the effects of 
different environmental, spatial, and temporal parameters on the frost growth in laminar channel flows, 
with and without a vortex generator. The introduction of streamwise vortices in the channel flow, 
especially in the areas where the streamwise vortices induced a flow toward the frost surface, resulted in 
an increase in the local frost growth rates by more than 7%. The authors, however, concluded that the use 
of vortex generators in refrigeration applications is promising because the increase in the frost growth rate 
is significantly lower than the enhancement in the Nusselt number reported in earlier studies. 
In a later study, Sommers and Jacobi (2005) investigated the thermal-hydraulic performance of a 
brazed plain-fin-and-tube heat exchanger to determine the effects of the using an array of delta-wing 
vortex generators under frosting conditions. The fin spacing of the heat exchanger was 8.5 mm and the 
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air-side Reynolds number was in the range of 500 to 1300. With the introduction of the delta-wing vortex, 
the air-side thermal resistance of the evaporator, for use in domestic refrigerators, was found to decrease 
by about 35– 42%, while the convection heat transfer coefficient increased by about 60–93% compared to 
the baseline heat exchanger. The average frost density, calculated from mass deposition rate data, was 
reported to be higher in the presence of the delta wings which led the authors to conclude that frost layer 
grown with delta wings present may have a higher thermal conductivity and consequently presents 
smaller conduction resistance. 
Wettability of the surface is known to significantly affect the frost properties by altering the shape 
and distribution of the frozen droplets on them. The effects of surface wetting characteristics on the 
frosting/defrosting behavior and thermal-hydraulic performance of an aluminum fin-tube heat exchanger 
were examined experimentally by Jhee et al. (2002), who found that frost of higher and lower density 
grows on the hydrophilic and hydrophobic surface, respectively, compared to that on the bare aluminum 
heat exchanger. They argued that this behavior was due to the differences in the size and distribution 
density of the water droplets on the surface in the early frost growth period. 
Shin et al. (2003) investigated the variation of the density and thermal conductivity of frost with 
the wettability of a surface in forced convection condition. They conducted experiments on three 
chemically-treated aluminum substrates having dynamic contact angles of 23, 55 and 88o and found that 
the frost formed on the surface with lower dynamic contact angle had higher thermal conductivity and 
density during the initial stages of the frosting test. However, minor differences were observed after a 
longer frosting period (>2 hours). A lower frost thickness and higher frost density on a hydrophilic 
aluminum surface (dynamic contact angle of 23o) than the same on a more hydrophobic surface (dynamic 
contact angle of 88o) under the operating conditions of household refrigerator was reported later by Lee et 
al. (2004). They also proposed a frost map comparing frost density on the hydrophilic surface with that on 
the hydrophobic surface and classified the frost structure on these surfaces.  
A detailed description of the effect of surface wetting characteristics on the early and mature 
stage of frost formation was given by Hoke et al. (2004). They reported that denser and more thermally 
conductive frost layer forms on a higher energy surface (glass) than on a lower energy surface (PTFE) for 
frosting following a condensation process. The different shapes of frozen droplets on surfaces with 
different surface energies were the main reason for formation of various frost structures. The dependence 
of the shape and distribution of condensed and hence frozen water droplets on surfaces with different 
wettability were attributed as the main reason for the formation of various frost structures and 
subsequently for the variation in frost properties. At the end of the condensation period, about 34% and 
86% of the total surface area were found to be covered by the condensate or frost on the hydrophobic and 
hydrophilic surfaces, respectively. Their findings were in good agreement with some earlier studies by 
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Seki et al. (1984), Tao et al. (1993) and other researchers. However, the frost formation trend was 
observed to reverse in mature frost growth period, i.e., thickness of the frost layer growth is faster on 
hydrophilic substrates and the frost density is less than that on the hydrophobic surfaces.  
Liu et al. (2007) reported the effect of surface hydrophobicity on the frost deposition process to 
be limited to the initial period of frost formation and after a continuous layer of frost was formed on the 
surface, the frosting characteristics on both the hydrophobic and the hydrophilic surface did not show 
significant difference. As reported by some other authors, they also reported of a weak, loose frost 
structure on the hydrophobic surface.  Liu et al. (2008), in a later study, examined the frost deposition on 
a super-hydrophobic silicon surface with micro-nano binary structure. A higher growth of the frost 
crystals along the parallel direction of the surface on the superhydrophobic surface, instead of the normal 
vertical frost growth observed on the plain copper surface was reported. Frost growth on the 
superhydrophobic surface was delayed for about one hour compared to the uncoated copper surface.  
 
1.2.4  Minimization of Frosting Penalties 
 
Considerable attempts have been made to minimize the penalties associated with the frosting and 
defrosting processes. These attempts have been mostly along the line of developing techniques to delay or 
prevent the formation of frost, to remove the frost formed on the surface by some force 
(mechanical/electrical/acoustic), or to minimize the frost melt water retention on the surface during 
defrosting. The recent studies have focused on the possibility of delaying frost formation and reducing its 
growth by applying hydrophilic, hydrophobic or super-hydrophobic materials as surface coatings. The use 
of hydrophobic and super-hydrophobic surface treatments has also been extended for reducing ice 
accretion on a surface, a very important problem in aviation. However, most of the reported studies have 
shown that these coatings tend to lose their ‘anti-frosting’ effect in humid operating conditions and also 
after repeated frosting cycles, especially when the coating is not fully dry after a defrost. As a result, 
application of these coatings requires drying them fully by supplying heat which is not only a source of 
energy expenditure, but also difficult from an operational point of view. These limitations cast doubt 
about the suitability of these so called ‘anti-frost’ coatings in retarding frost formation.  
In an early work, Östin and Johanneson (1991) investigated the effects of hydrophilic and 
hydrophobic polymer based coatings on frost growth on an air-to-air heat exchanger. In their study they 
used three different silicon-based hydrophobic coatings and one polymeric hydrophilic coating added 
with ethylene glycol to facilitate frost prevention. No difference in the frost growth between hydrophobic 
surface treated and uncoated aluminum heat exchanger was observed. They suggested that the 
hydrophobic coatings are not suitable for this kind of air-to-air heat exchangers applications. Although the 
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hydrophilic coating was very successful in delaying or preventing the formation of frost in the first few 
(3-4) frost/refrost cycles, its performance degraded significantly after that due to removal of the low 
freezing point component (ethylene glycol) by either drainage with the frost melt water or by evaporation 
over repeated cycles during the defrost process.   
Bryant (1995) examined the effect of two different kinds of hydrophobic coatings on the process 
of dropwise condensation and the delay in the onset of ice nucleation on flat, horizontal copper surfaces. 
They found that depending on the ambient condition, the surfaces with the hydrophobic coating can delay 
the onset of ice nucleation by about 35-68% over the uncoated surface. However, due to this delay in ice 
nucleation, more water vapor was found to condense on the hydrophobic surfaces and there was 15-25% 
more condensate on the hydrophobic surfaces over the uncoated copper surface. Air-side thermal-
hydraulic performance of 11 aluminum plate-fin-and-tube heat exchangers under dry and wet operating 
conditions, with and without a hydrophilic coating was examined by Wang and Chang (1998). They 
found that condensate drainage could be improved and pressure drop in wet condition is reduced by the 
application of a hydrophilic coating. 
The possibility of delaying the formation of frost by applying cross-linked hydrophilic polymeric 
coatings on aluminum surfaces without the use of any anti-freeze was also examined by Okoroafor and 
Newborough (2000). They reported significant retardation of frost formation and growth compared to the 
uncoated aluminum surface, which they reasoned was due to the ability of these coatings to absorb 
considerable amount of available condensed water and to suppress the freezing of the absorbed water. 
However, the coating was swollen with the absorbed water and the authors did not test the effectiveness 
of the coating over repeated frost/defrost cycle. 
The effectiveness and mechanism of frost retardation and the durability over repeated 
frosting/defrosting cycles of a polymer-based anti-frosting paint with hydrophilic wetting property was 
reported by Liu et al. (2006a, 2006b). Depending on the operating conditions, the coated surface was able 
to retard frost formation from 15 minutes to up to 3 hours longer compared to the same on the bare copper 
surface. The coating suppressed the frost nucleation because it absorbed a large amount of condensed 
water and the coating’s hydrophilic agent kept the absorbed water unfrozen even when the temperature 
was well below the crystallization temperature of water. The coating was reported to show no significant 
degradation of anti-frosting performance for a total of 15 frost/defrost experiments conducted over a 
period of 2 months. However, this required the coating to be fully dried before the start of the next frost 
cycle. Moreover, although the coating had good adhesion with the copper surface, it was physically 
slightly damaged by the repeating contraction and expansions caused by cyclic frost/defrost processes. 
Poor anti-frosting performance of a hydrophilic polymer coating in repeated frost cycles was also reported 
by Huang et al. (2009). Although they observed significant frost retardation and improvement in the 
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performance when applied on a fin-and-tube aluminum heat exchanger under frosting conditions, the anti-
frosting capability and adhesiveness of the coating to the surface degraded from the 2nd frosting cycles. 
They suggested that this was due to the absorption of the frost-melt water by the coating during the 
defrosting process.  
The effect of surface morphology on the frost formation process and the effectiveness of 
superhydrophobic film on the retardation of frost formation were examined by He et al. (2010) on 
hydrophobic and superhydrophobic substrates having isotactic polypropylene (i-PP) films. An oscillation 
of the surface wettability (an oscillation of contact angle within a 6o range) and a metastable three-phase 
contact line during frost formation on the superhydrophobic surface was reported. The superhydrophobic 
surface was found to exhibit significant delay in the frost formation compared to the hydrophobic surface. 
They suggested that it was the metastability of the three-phase contact line that delayed the solidification 
of the liquid water at the contact line region. The importance of the three-phase contact line in the 
solidification of the condensed droplets was emphasized by Suzuki et al. (2007) who found that the three 
phase contact line is of a water droplet is more suitable for the ice nucleation on a solid surface than the 
rest of the droplet and hence the solidification of the droplet initiates from the three-phase contact line. 
Huang et al. (2011) examined the anti-frosting performance of superhydrophobic copper surface 
coated with fluoroalkylsilane (FAS). The condensed droplets were smaller and more spherical and the 
frost formation was retarded for more than 30 min on the superhydrophobic surface compared to flat 
copper surface under the same conditions. They exposed the coated samples in ambient condition for one 
month to examine the robustness of the superhydrophobic surface and found that it could still restrain 
frost formation compared to the bare surface, but the frosting delay was about 20 min in this case. Very 
recently, Li et al. (2012) reported that the rate of ice nucleation on an unmodified hydrophilic silicon 
surface was about 1 order of magnitude lower than that on a FAS-17-coated hydrophobic silicon surface 
at the same temperature. They attributed their findings to the considerably higher viscosity of the 
interfacial water on the hydrophilic surface which increases the activation energy required for ice 
nucleation and also to the slightly lower surface roughness of the hydrophilic sample. 
Superhydrophobic surfaces with hierarchically rough topography have also attracted much 
attention as a potential means for preventing or delaying frost formation. The idea is that the water 
droplets will form on the top of the surface texture only (Cassie-Baxter wetting) and will slide down 
before freezing, thereby delaying/preventing the formation of frost. However, a significant decrease in the 
hydrophobicity of different superhydrophobic surfaces have been reported by many researchers for near-
zero or sub-zero temperatures, putting the suitability of these superhydrophobic surfaces to be used in the 
anti-icing/anti-frosting applications in doubt. Delay in the frost formation on superhydrophobic surface 
coated with nano-sized calcium carbonate particles (contact angle of 155o) compared to bare copper 
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surface was reported by Wang et al. (2007). Condensed droplets on the superhydrophobic surface were 
spherical and larger in size compared to the baseline copper surface. They reported that the surface, upon 
complete drying after 10 repeated frosting-thawing processes, retained its superhydrophobicity.   
The importance of the Cassie-Baxter wetting state in delaying the freezing of droplets was 
ascertained by Tourkine et al. (2009). By depositing room temperature water droplets on cold, 
superhydrophobic copper surfaces and letting it to solidify, they found that the lower solid-liquid contact 
and the existence of air pocket below the droplet (which acts as an insulation layer) significantly delays 
the freezing. They concluded that droplets from surfaces which can maintain a Cassie-Baxter state can be 
removed easily before freezing occurs and frost accumulates on them. In a similar study, after measuring 
the advancing and receding contact angles as a function of temperature (from room temperature to 0°C)  
on a number of well-polished, rough, or nanostructured surfaces, Karmouch and Ross (2007) reported that 
the contact angle hysteresis increases at temperatures below 5°C on the surfaces with nanostructure. The 
fact that only nanostructured surfaces were affected by this variation of temperature to the freezing point 
was attributed to the apparent transition from Cassie to Wenzel wetting state due to the condensation of 
water vapor into the cavities.  
Condensation and frosting are also very important factors to consider in designing effective anti-
icing materials. From the understanding of the ice-accretion on a surface, it is known that the condensed 
water droplets must form and freeze in a Cassie-Baxter state for the ice adhesion strength on the rough 
superhydrophobic surfaces to be lower than that on a smooth substrate (Meuler et al. 2010). This is 
because under many circumstances, especially in humid conditions, condensation and frosting might 
precede the formation of ice by supercooled droplets (Varanasi et al. 2010). Condensation on such 
surfaces might result in the loss of superhydrophobicity and condensed water droplet and subsequently 
frost might form everywhere on the textured surface. Strength of adhesion of ice on this frosted surface 
might be higher than on smooth surface due to higher solid-ice contact area. Therefore, fabricating an 
effective anti-frosting or anti-icing superhydrophobic surface presents a more difficult problem than 
merely designing a superhydrophobic surface for deposited water droplets.  
Hou et al. (2011) from theirs study on the wettability of rough superhydrophobic polyethylene 
film observed an abrupt decrease in the contact angle (from 150o to 78o) at a temperature of -15oC, while 
the decrease was very negligible for a smooth hydrophobic PE film (from 102o to 98o). They argued that 
this is due to the intrusion of water into the asperities of the superhydrophobic film which might increase 
the ice-solid contact area and the strength of ice adhesion further. Farhadi et al. (2011) also reported 
similar increase in the ice adhesion strength and loss of superhydrophobicity upon condensation of water 
vapor on several superhydrophobic surfaces with micro-nano structures, raising doubt on the 
effectiveness of superhydrophobic surfaces as ice-repellant materials under such conditions.  
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Varanasi et al. (2010),  in another study similar to their condensation study on superhydrophobic 
surfaces (Varanasi et al. 2009), reported that frost nucleation, both via ablimation and condensation, 
occurs on textured superhydrophobic surfaces without any spatial preference and the surface losses its 
superhydrophobic property. They found that loss of superhydrophobicity upon frosting increases the ice-
substrate contact area and hence significantly increases the ice-adhesion strength of the surface over 
smooth surface. Cao et al. (2009) also advised to apply caution when correlating the anti-icing property 
with superhydrophobicity and mentioned that without a detailed knowledge of the surface morphology, 
the anti-icing potential of a surface cannot be ascertained. The studied the anti-icing property of particle-
composite superhydrophobic surfaces for impacting supercooled water droplets and found that both 
superhydrophobicity and anti-icing ability of these surfaces depends strongly on the size of particles. 
However, the critical size for these two properties was of two completely different length scales. 
Kulinich et al. (2011) have also expressed doubt about the effectiveness of rough 
superhydrophobic surfaces as anti-frosting and anti-icing materials because of their probable lack of 
robustness and durability upon continuous icing/deicing cycles and loss of superhydrophobicity upon 
condensation of water vapor. After conducting experiments on three different types of microstructured 
aluminum surface for artificial freezing rain (by spraying supercooled water droplets), they found that 
although the accretion of ice on these surfaces can be delayed compared to flat hydrophobic surfaces, a 
gradual damage or breaking of the surface microstructure occurs upon continuous icing/deicing cycles. 
Similar mechanical damage of the microstructures were also reported by Ensikat et al. (2009) in their 
study of the solidification and removal of liquid droplets deposited on various natural and artificial 
superhydrophobic surfaces. 
However, in an attempt to examine the effectiveness of superhydrophobic surfaces in retarding 
frost formation, He et al. (2011) observed Cassie-Baxter wettability for the condensed water droplets on a 
number of superhydrophobic surfaces having an array of ZnO nano-rod structures and coated with FAS-
17. Condensed water droplets maintained a near-spherical shape on all these surfaces at temperatures 
lower than 0oC, although the static contact angle decreased slightly with a decrease in the temperature. 
These droplets were also reported to be in the liquid state for a significantly longer period compared to a 
flat, hydrophobic glass surface. They attributed this delay in the solidification of the condensed droplets 
to a decrease in the heat transfer between the Cassie droplets and the surface due to lower contact area, 
and also due to the increase in the free energy barrier to frost nucleation on these superhydrophobic 
surfaces.   
Following an approach that for droplet impact on a surface, the ability to fend off water droplets 
before ice nucleation can occur could result in ice-free surface, Mishchenko et al. (2010) reported an 
experimental and analytical study on the freezing behavior of impacting water droplets on hydrophilic, 
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hydrophobic, and superhydrophobic aluminum and silicon surfaces. Experiments were conducted on a 
number of samples and water droplets were impinged from a 10 cm height onto the samples at various tilt 
angles. The droplets were found to be pinned and freeze on the flat hydrophobic and hydrophilic 
substrates. However, on the superhydrophobic surfaces, the droplets bounced off the surface before 
nucleation takes place, preventing ice formation even at supercooled substrate temperatures (up to -25 to -
30°C).  
Retention of superhydrophobicity for both deposited and condensed water droplets and very long 
delay of droplet freezing at substrate temperature as low as -10oC on metal surfaces with hierarchical 
structures were also reported by Guo et al. (2012). They compared the wettability and frost/ice retardation 
characteristics of the binary surface with surfaces containing only nano-structures, only micro-structures 
and smooth surfaces. The binary surface exhibited a much longer freezing delay time (> 5000 s) 
compared to the other surfaces at a plate temperature of -10oC.   
Very recently, a very different approach to achieve anti-frosting and anti-icing characteristics was 
proposed by Kim et al. (2012), who reported the use of slippery, liquid-infused porous surfaces (SLIPS) 
as the frost and ice-repellant material. These surfaces were fabricated by infusing a smooth layer of a 
water-immiscible liquid lubricant having a very low freezing point into a nanostructured surface. After 
conducting a series of frosting/defrosting and icing/deicing experiments, they found that these coated 
surfaces can very effectively suppress both ice and frost formation. The reason behind the anti-frost 
performance was the ability of these surfaces to slide off or remove the condensed droplets of the surface 
before freezing of the droplets could occur. At lower temperatures (< -2oC), frost eventually formed on 
the surface. However, during defrosting, the frost/ice melt water droplets easily slid off the surface due to 
the very low freezing point of the infused liquid lubricant and low contact angle hysteresis of the coated 
surface. This SLIPS approach thus could be an effective strategy for the next generation anti-frost/anti-ice 
material, especially in high-humidity conditions with continuous freezing/icing cycles (Stone, 2012). 
Use of desiccants for the dehumidification of air before entering the evaporator has been 
proposed as a method for preventing frosting on some air conditioning applications, such as the air source 
heat pump. Different techniques of preventing frost formation on heat pumps by using solid desiccants 
have been forwarded by Kondepudi et al. (1995), Wang and Liu (2005) and Zhang et al. (2012). While 
Kondepudi et al. (1995) and Wang and Liu (2005) did not consider the issue of regeneration of the 
desiccant, Zhang et al. (2012) proposed a model for a desiccant-coated air source heat pump for frost-free 
operation, with provision for the regeneration of the desiccant. Their proposed system will use an extra 
heat exchanger coated by a solid desiccant and the desiccant will be regenerated by recycling air between 
this desiccant-coated heat exchanger and the evaporator during the desorption process of the desiccant. 
Use of liquid desiccant for the frost-free operation of air conditioning systems has also been proposed 
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(Zhang et al. 2010).  However, significant further work is necessary in this field to practically realize an 
efficient air conditioning system employing desiccants to achieve the desired frost-free operation. 
The drainage of frost melt water is important in many thermal management systems. For 
example, in residential heat pumping and refrigeration systems, the unavoidable accumulation of frost on 
the air-side surface of the heat exchanger is managed by “defrost cycles”, during which the frost is 
melted. In these applications as in many others, it is important to drain the frost melt water from the 
surface. Although the literature is replete with works stressing the possible delay of frost formation on 
hydrophobic or superhydrophobic surfaces, studies on the effects of surface wettability on the drainage of 
melt water produced by defrosting or melting ice are rare.  
Condensate formation and drainage behavior on a number of vertical copper and coated and 
uncoated aluminum fin surfaces with different surface treatments (grinding, acetone cleaning, and oil 
contamination) was studied by Min and Webb (2001), who reported the amount of condensate retention 
on the surface to be a function of the receding contact angle. The condensate retention was found to 
increase with receding contact angle up to a receding contact value of 40o, after which it decreased with 
receding CA.  
The effect of condensate retention on the thermal performance of plain fin, round-tube heat 
exchangers was examined by Korte and Jacobi (2001). They also developed a model for predicting the 
mass of retained condensate which was based on the force balance of gravity, surface tension, and air 
drag force. They compared the retention data to model predictions and a reasonable agreement was 
achieved. It was also reported that the maximum size of the largest droplet retained on a fin significantly 
affects the amount of condensate retention.  
ElSherbini and Jacobi (2004a, 2004b, 2006a, 2006b), in a series of studies, examined the shape 
and retentive force on liquid droplets on vertical and inclined surfaces and developed models for 
predicting the critical droplets. The shape and volume of the droplet was approximated by using a ‘two-
circle method’ in which the droplet profile is fitted with two circles sharing a common tangent at the apex 
of the droplet, followed by integrating the droplet profile around the circumference (2004a, 2004b). The 
parameters affecting the critical size of the droplet (the droplet at the point of incipient motion) was 
examined. A comprehensive empirical retentive force model was developed, relating surface tension with 
contact angle hysteresis using knowledge of the drop geometry. They compared their results with a large 
set of contact angle data and a good agreement was reported (2006a). They also developed a model for 
predicting the steady state mass of retained condensate on the air-side of a plain-fin heat exchanger 
operating under dehumidifying conditions (2006b). Inclination angle and the advancing contact angle are 
taken as the input parameters of this model and the maximum diameter of the droplets is obtained from a 
force balance of the gravitational and surface tension forces on the droplet. Finally, the total amount of 
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retained condensate is found by integrating the volume and size-distribution functions. The model was 
reported to successfully predict the condensate retention data of other researchers.  
Water drainage behaviour of various geometries of microchannel and fin and tube heat 
exchangers was experimentally investigated by Zhong et al. (2005) using the method of dynamic dip 
testing. In this method, the coils samples were suspended from a digital balance to measure their weight 
history with time as they are pulled out of a water reservoir. They also developed a model to predict the 
water drainage behaviour considering the effects of gravity, surface tension and air drag force, which was 
compared against experimental data. The fin and tube heat exchanger was reported to have faster water 
drainage characteristics than the louvered microchannel flat tube heat exchangers.  
Liu and Jacobi (2008), in another study, experimentally examined the reliability of the dynamic 
dip testing method for a number of fin and tube and microchannel heat exchangers, with hydrophobic and 
hydrophilic surface coatings. They reported that hydrophilic coating on fin and tube coils increase the 
amount of water retention, while for microchannel coils hydrophilic coating reduces the water retention. It 
was suggested that spraying or injecting droplets on the coil surfaces is a more precise method to simulate 
the practical conditions that the heat exchangers undergo in the real frost/defrost cycles. 
In a later study, the effect of surface wettability and condensate retention on the thermal-
hydraulic performance on four full-scale slit-fin-and-tube heat exchangers of identical geometry was 
studied by Liu and Jacobi (2009). Heat exchangers with a hydrophilic coating were found to retain 
significantly lower amount of condensate than heat exchangers with hydrophobic coatings. They reported 
that while the j factor is not affected significantly by the amount of condensate retention, the friction 
factor decreases considerably with an increase in wettability. The magnitude of condensate retention was 
found to increase with a lower air-side Reynolds numbers, higher moisture content of the air and with the 
latent heat transfer rate. They also developed a model to predict the magnitude and trend of retained 
condensate assuming a filmwise condensation on the hydrophilic surface. The model was compared to 
their experimental data and a reasonable agreement was achieved.  
The thermal-hydraulic performance of louvered-fin, flat-tube heat exchangers for four different 
fin geometries under frosting/defrosting and refrosting conditions, and the effect of the retained frost 
melt-water were examined by Xia et al. (2006). The differences in the performance of the heat exchangers 
in the first cycle and refrost cycles were attributed due to the retention of frost melt water after a defrost. 
The water retention was found to significantly influence the pressure drop and heat transfer in the refrost 
cycles. They reported that the refrost behavior becomes periodic after the third or fourth cycle. They did 
not, however, study the effects of wettability of the fins on frost/defrost/refrost behavior for these heat 
exchangers. 
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Zhang and Hrnjak (2009) experimentally studied and compared the performances of three types 
of heat exchangers with louver fin geometry under dry, wet and frost conditions. The heat exchangers 
were  parallel flow parallel fin with extruded flat tubes heat exchanger (PF2), parallel flow serpentine fin 
with extruded flat tubes heat exchanger (PFSF), and round tube wave plate fin heat exchanger (RTPF). 
All these heat exchangers had the same fin pitch, same louver pitch and same face area. They found that 
the heat transfer in frosting operation condition shows the same trend as in the wet operating condition. 
They reported most improved frost melt water drainage to be obtained for the PF2 heat exchanger with 
horizontal tubes because of its specific fin geometry that allowed water to fall down from the back side of 
its trailing edge. They also reported that it usually takes a few refrost cycles for heat exchanger to come to 
periodic and repeatable condition due to the retention of frost melt water after defrost.  
In another study, Zhang and Hrnjak (2010) studied the thermal performance of parallel flow 
parallel fin (louvered bent fins on flat tubes) (PF2) heat exchangers in periodic frost /defrost/refrost 
conditions and reported the effects of geometry i.e. fin pitch and louver pitch on defrost and refrost cycle 
times. The frost cycle time in the first cycle was about 21% longer than the second frost cycle. However, 
it was significantly longer (about 92%) than the frost cycle time of the 15th frost cycle for. They also 
reported an improvement in frosting performance over a conventional serpentine fin. This was attributed 
to the better drainage capability of the PF² heat exchanger. 
Drainage behavior of condensed water from surfaces with microgroove topography, both metal 
and non-metal, with microgrooves both in the direction of gravity and in the perpendicular direction have 
been studied because of the potential of these micropatterned surfaces in promoting water drainage. Liu et 
al. (2009) studied the water retention behavior of microgrooved aluminum surfaces where the microscale 
features were imparted on the surface by a surface embossing technique and compared that to flat 
surfaces. A consistent reduction in the critical sliding angle with grooves aligned in the direction of 
gravity was reported. They recommended smaller groove spacing, deeper grooves and steeper groove 
sidewalls as surface design guidelines to enhance water drainage from these surfaces.  
Very recently, Sommers et al. (2012a) examined the water retention characteristics of round-tube, 
plain-fin heat exchangers having smooth, isotropic fins as well as of prototypes with microgrooved fins 
by conducting dynamic dip tests. The water drainage behavior of these heat exchanger prototypes was 
examined under the same conditions with and without a hydrophobic alkyl-silane coating applied to the 
surface. They found that in the absence of the hydrophobic silane surface coating, heat exchanger with the 
grooved microstructure retained more water compared to baseline prototype. They explained that this 
behavior was due to the absence of the hydrophobic silane surface coating, which turned the surface with 
the grooved microstructure more hydrophilic than the baseline surface. On the other hand, heat exchanger 
with the microgrooved fin surface with silane coating exhibited the lowest water retention and the 
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decrease in water retention was more than 27% compared to the flat baseline. Zhong et al. (2013), from a 
similar recent study on chemically homogeneous and heterogeneous substrates with rectangular 
microgrooves, found that the groove geometry profoundly affects the drainage behavior of condensed 
droplets, but is less important in case of deposited droplets. For the condensed droplets, the preferred 
direction of drainage was parallel to the grooves, with the grooves aligned to the gravity.  
The onset of motion of condensed water droplets under the action of air shear flow from vertical 
microgrooved aluminum surfaces having different wetting properties was examined by Sommers et al. 
(2012b). They used two PDMS-coated hydrophobic microgrooved surfaces, one uncoated hydrophilic 
microgrooved surface and one flat aluminum baseline sample. Improved condensate drainage was 
obtained for the hydrophobic microgrooved surfaces with grooves aligned to the direction of gravity 
compared to that across the grooves and flat surfaces. Based on their findings, the authors suggested that 
these anisotropic microgrooved surfaces might be useful in air cooling applications because of their 
ability to exhibit improved condensate drainage and also to prevent condensate carryover into the 
occupied space.   
While there have been few reported studies on the use of microgrooved topographical features for 
condensate management, the author is unaware of any prior work on the characteristics of frost melt water 
drainage from such surfaces. Zhong et al. (2010) examined the growth of condensate and propagation of 
freezing front on hydrophobic microgrooved substrate fabricated by photolithography and further 
modified by applying a FTDS coating. They observed an oscillation in the speed of the propagating 
freezing front on the microgrooved substrate, with propagation retarding in groove base and accelerating 
in pillar surfaces. The speed of propagation on the crests was found to as high as 8 times that the speed of 
the freezing front on the troughs. They suggested, following a numerical estimation, that this difference in 
the propagating speed was probably due to the thermal effects. 
In a work stressing the possibility of removing frost from an aluminum surface with hydrophobic 
and hydrophilic coatings, Wu and Webb (2001) reported unsuccessful attempts to release frost by 
mechanical vibration. The frost melt water patterns were found to be considerably affected by the 
wettability of the surface. The frost melt water on the hydrophilic surface wetted the surface and remained 
as a film, while it existed as droplets on the hydrophobic surface. From the findings of their study, they 
suggested that hydrophilic coatings should not be used for applications operating under frosting 
conditions, because the fully wetted hydrophilic surface might retain more frost-melt water which will 
freeze quickly in the refrost cycles.  
Jhee et al. (2002), in a related study, reported an enhancement of 3.7% and 11.1% in the frost 
melt water drainage and 3.5% and 10.8% in defrosting efficiency for hydrophilic and hydrophobic 
aluminum heat exchangers, respectively, over the bare aluminum heat exchanger. They suggested that 
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while the hydrophilic surface has more impact on the frosting behavior, the hydrophobic surface affects 
the defrosting characteristics of the heat exchangers. They also recommended the use of hydrophobic 
coating to increase the effectiveness of the heat exchangers in terms of defrosting time and efficiency. In a 
similar study by Kim and Lee (2011), the effect of surface treatment on both the frost retardation and 
defrost time was found to be insignificant for flat plate aluminum fins of a heat pump. They conducted 
experiments on bare fins and fins with hydrophilic or hydrophobic coatings with static contact angles of 
2.5o, 75o and 142o, respectively. On the hydrophilic-coated surface, however, frost density was higher and 
frost thickness and the amount of retained frost melt water was found to be lower than the other surfaces. 
As a result, the frosting/defrosting characteristics of the hydrophilic fin surface was similar in the repeated 
refrost/defrost cycles.  
In a germane study, Moallem et al. (2012) reported the experimental results of the effects of 
surface coatings and water retention on the cycle time and thermal-hydraulic performance of louvered fin 
microchannel heat exchangers under frosting conditions. Four different surface coatings (both 
hydrophobic and hydrophilic, with contact angles in the range of ~ 5o to 105o) were applied to the same 
geometry of microchannel heat exchanger. They reported that the surface coatings did not have any 
significant impact on the duration of frosting cycles, heat transfer rate, and the air-side pressure drop. 
Based on their findings, they suggested that the effects of the water retention and surface coatings are 
secondary to the effects of surface temperature in the frosting operation of microchannel heat exchangers. 
However, in this study, experiments to examine the effect of surface coating and water retention on the 
frost cycle and frost growth was not conducted for frost melt water that is retained on the surface, rather 
water was sprayed on the front area of the coil just before the start of the frosting cycle. 
 
1.2.5  Summary  
 
As demonstrated by the above review, a significant amount of experimental and theoretical work 
has been conducted on the fabrication and characterization of hydrophobic surfaces with micro-structures 
and to understand the mechanism of anisotropic wetting. However, the majority of these studies is 
directed towards chemically patterned surfaces. The lack of information on the effects of geometry of 
microstructures on the wettability and droplet mobility is in spite of the promise for improved liquid 
drainage demonstrated for microgrooved surfaces. The effect of surface wettability and surface 
topography on the drainage of condensate from heat exchangers operating under wet conditions has been 
studied by some researchers. The drainage behavior of condensed water from surfaces with microgroove 
topography, both metal and non-metal, with microgrooves both in the direction of gravity and in the 
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perpendicular direction has been studied because of the potential of these micropatterned surfaces in 
promoting water drainage. 
There have been many studies on the fundamental nature and effect of various environmental 
parameters on frost formation and growth and also on frost properties for frosting under different 
convection conditions due to its obvious importance in many fields of heat transfer, such as air 
conditioning and refrigeration, cryogenics, aviation etc. Although the literature is replete with work 
stressing the possible delay of frost formation on hydrophobic or superhydrophobic surfaces, studies of 
the effects of surface wettability on the drainage of melt water produced by defrosting or melting ice are 
rare. While there are few reported studies on the use of microgrooved topographical features for 
condensate management, the characteristics of frost melt water drainage from such surfaces has not been 
investigated to date. 
 
1.3 Objectives 
 
The primary objective of this work is to examine the potential of enhanced frost melt-water 
drainage from surfaces with periodic microgrooves, and to understand the effect of these surface features 
on the condensation and frost formation processes. The specific objectives are also to quantify the effects 
of the dimensional variation of groove geometry, fabricated by the topographic modification of the 
surface only, on the wettability and drainage behavior of deposited water droplets and morphology of the 
condensed droplets on these surfaces. The easier removal of deposited and/or condensed water droplets 
from microgrooved surfaces, as reported in the literature, is suggestive of the possible reduction in the 
frost melt-water retention on these surfaces. A systematic study to examine the potential of improved frost 
melt-water drainage from surfaces with microgroove surface features is, therefore, of profound 
significance. The present work also aims to identify the effects of microgroove geometry on frost 
properties, propose guidelines for designing microgrooved surfaces with improved drainage property, and 
hence to develop a more comprehensive understanding of the possible effects of incorporating 
microgrooves on heat transfer surfaces operating under frosting/defrosting conditions.   
Despite earlier studies on the wetting behavior of microgrooved surfaces, there is still a need for a 
more comprehensive study to investigate how the geometry of a microgrooved surface affects the wetting 
and sliding properties of liquids. A systematic experimental study on the effect of parallel, periodic 
microgroove geometry on the wettability, contact angle hysteresis and liquid sliding behavior on brass 
surfaces for a wide range of microgroove dimension and a large sample space will be undertaken and 
discussed in Chapter 2.  The mechanism and the magnitude of the droplet elongation and the effect of the 
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size of liquid droplets on the wetting behavior on these surfaces will also be studied, both qualitative and 
quantitatively. 
The fact that the surface wetting characteristics can significantly affect the early and mature 
stages of frost formation and the properties of frost such as density, thermal conductivity, is well 
established. However, very little is known about how the evolution and morphology of the condensed and 
consequently frozen droplets are affected by the parallel microgrooves, and also how the dimensional 
variation of the microgrooves affects the wetting, liquid sliding, condensation and frost formation 
characteristics. In Chapter 3, this gap in the existing body of work will be addressed and a detailed study 
of the frost property variation with microgrooved topographical texture under both single and multiple 
frost/refrost cycles will be presented. The effect of groove geometry on the condensation and early frost 
formation pattern and consequently on the frost properties will also be investigated. The relationship 
between the frost structure and frost properties with groove dimensions will be discussed, emphasizing 
the importance of the morphological features. 
While comparing the frost melt-water drainage potential and management characteristics of the 
flat and microgrooved samples in single and multiple frosting cycles, the effects of different operating 
parameters on the drainage performance will be investigated in detail in Chapter 4. The possible 
relationship of the frost melt-water drainage enhancement from the microgrooved surfaces with the 
variation of frost properties due to the change in groove dimensions will be examined. The important 
findings and conclusions of the present work will be summarized and future direction of the present study 
will be presented in Chapter 5. Quantitative evaluation of the distinct wetting, frosting/defrosting and 
frost melt-water retention characteristics of the microgrooved aluminum and copper surfaces, which were 
also fabricated by a topographically modifying the surface, will be discussed in Appendix A.  Effects of 
surface roughness and shape of the sliding droplets on the droplet mobility is analyzed in Appendix B.  
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CHAPTER 2 
 
WETTING ANISOTROPY AND SLIDING BEHAVIOR OF WATER 
DROPLETS ON MICROGROOVED BRASS SURFACES 
 
2.1 Introduction 
 
There has been little work reported in the literature on the anisotropic wetting and mobility of 
liquid droplets on microgrooved metal surfaces, in spite of the demonstrated improvements in water 
drainage from microgrooved surfaces over flat and micropillared surfaces. In the present work, a 
systematic experimental study on the effect of parallel microgroove geometry on the wettability, contact 
angle hysteresis and liquid sliding behavior on brass surfaces for a wide range of groove dimension and a 
large sample space is undertaken. The nature of wetting behavior with dimensional variation of the 
groove geometry are analyzed in terms of shape and elongation of deposited droplets, wetting state, 
mechanism of the advancing and receding motions, and length and continuity of the three-phase contact 
line etc. The mechanism and the magnitude of the droplet elongation and the effect of the size of liquid 
droplets on the wetting behavior on these surfaces were also studied, both qualitative and quantitatively. 
A total of 18 brass samples were fabricated by micromachining without any chemical modification of the 
surface and thereby separating the effect of the topographical change from the modification of surface 
energy. The static, advancing and receding contact angles were measured inside a cleanroom using 
goniometer, for a range of water droplet volume. A tilt-table experimental apparatus was built to facilitate 
the measurement of tilt angle of the samples at the onset of the incipient sliding motion of water droplets 
on them, and the processes were recorded by a high speed camera to examine the dynamics of the droplet 
motion.  
 
2.2 Experimental Methods 
 
2.2.1  Sample Fabrication 
 
A mechanical micromachining process, known as micro end-milling, was used to fabricate the 
microgrooved brass samples, using a 3-axis micro-milling machine (Microlution, Model 310-S), used for 
fabricating small, high precision parts. Brass alloy 360, which is an alloy mixture of copper and zinc with 
a small amount of lead (61.5% Cu, 35.5% Zn, 3% Pb and 0.35% Fe), and is also known as free cutting 
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brass, was selected as the sample material. This particular alloy of brass was chosen because of its good 
mechanical properties, and especially for its high machinability to mitigate burr formation. The samples 
were 45 mm x 45 mm in size with a thickness of 3.2 mm. For inserting thermocouples, 8 small holes with 
a diameter of about 2 mm were drilled on the two sides of the sample substrate (4 on each side). Cutting 
tools of three different diameters, 75, 100 and 125 µm were used to fabricate the parallel grooves over the 
length of the sample. However, the majority of the surfaces were fabricated by using the 125 µm diameter 
cutting tool. It was done because of the tool wear and breakage problem associated with the small 
diameter tools, which was due to the requirement of large amount of metal removal and long tool travel. 
The sample was mounted firmly on a vertical stage which could be given motion in the X, Y, and 
Z axis, and the tool was held in a rotary chuck. Initially the sample surface was made absolutely plain and 
flat by using an end mill of much larger diameter (≈ 2.3 mm) before running the actual groove cutting 
operation. The spindle speed and feed rate for the groove cutting operation was fixed at 50000 rpm and 
400 mm/min, respectively. Depth of cut per tool pass was 12.5 µm and 10 µm for tool diameters of 125 
µm and 100 µm, respectively. Images of the microgrooved surfaces under scanning electron microscope 
(SEM), optical microscope and optical profilometer are shown in Figure 2.1. It can be seen from the 
images of Figure 2.1 that the pillars of the microgrooves had steep and nearly straight side walls, with a 
little rounded groove bottom. From these images, it is also evident that both the pillar and groove surfaces 
have machining marks on them and that the surfaces had some burrs, especially on the pillars and side-
walls, which resulted from the machining process. 
 Two types of flat baseline surfaces, polished and raw, with different surface roughness, were 
used along with the microgrooved samples. The polished baseline sample (PBL) had an average surface 
roughness value (Ra) of about 20 nm, and was polished in a lapping machine (Lapmaster®) using water 
based diamond abrasives suspensions (Metadi®). The raw baseline sample (RBL) had a mill finish and its 
surface characteristics were not altered (Ra ≈100 nm).   
 
2.2.2  Measurement of Groove Geometry 
 
A summary of the topographical data of all the 18 microgrooved and 2 flat baseline brass samples 
is given in Table 2.1. The samples of series SP-A, SP-B and SP-C had fixed groove and pillar width and 
hence same pitch, while the sample of series SD had fixed groove depth. The microgrooved samples are 
designated as - DGxWPyWGz; where DG, WP and WG stand for the groove depth, pillar width and groove 
width, respectively, and the superscripts x, y and z represent the numerical values of these parameters in 
microns. Aspect ratio is (AR) defined as the ratio of the groove depth to groove width. Groove depth (DG) 
and width of the pillar (WP) of the microgrooved surfaces were in the range of 27 to 122 µm and 26 to 
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187 µm, respectively. The groove width (WG) was limited by the diameter of the cutting tool used. 
Dimensions of the groove geometry parameters were measured using both an Alpha-Step IQ profilometer 
and an optical profiler (Veeco NT1000) at a high scan resolution. These measurements were later verified 
by performing an image analysis of the grooved samples. This was done by obtaining images of the 
grooves and pillars by a very high resolution camera at 20X optical zoom and then the dimensions were 
measured using standard image processing software. Good agreement was obtained between 
measurements by these methods. The maximum uncertainty in the reported groove measurements was 
about ±3 µm. 
 
2.2.3  Measurement of Wetting Properties 
 
Static contact angles (SCA) were measured at different positions on these surfaces by the sessile 
drop method, via gently placing a drop of water on them. The advancing and receding contact angles were 
measured by the sessile drop method by injecting water in or withdrawing water out of deposited droplets 
at a low rate (0.3-0.5 µL/s) using an automatically controlled dispensing system. The contact angles were 
measured by using a CAM200 (KSV Instruments) optical goniometer. All the contact angle 
measurements were carried out inside a class-100 cleanroom facility. The deposition time of the droplets 
on the surfaces during contact angle measurement was very short (about 10-15 sec) so that the effect of 
evaporation of the droplet can be neglected. This goniometer had a CCD camera with telemetric zoom 
optics and calculated the contact angle automatically by curve fitting based on Young-Laplace equation, 
with an accuracy of ±0.5o.  
Before the contact angle measurements, the samples were carefully cleaned by first sonicating 
them in acetone in an ultrasonic cleaner for 3-5 minutes, and then following the standard cleanroom 
cleaning procedure of rinsing with acetone, isopropyl alcohol and DI water in different steps and finally 
drying them by blowing a N2 jet over the surface. The contact angle measurements were carried out at 
least 5 times on each sample at different locations of the sample surface and for each droplet size, in 
parallel and orthogonal directions of the grooves. The contact angle notations of ‘parallel’ and 
‘orthogonal’ indicate contact angle values of water droplets along the grooves and across the grooves, 
respectively. The notation used to describe the contact angles in the parallel and orthogonal directions of 
the grooves is shown in Figure 2.2. The sample stages were illuminated by backlight in both the contact 
angle and sliding angle measurement apparatus, which made possible to distinguish between the Cassie 
and Wenzel droplets by noting the light coming through the air pocket below the Cassie droplets, as can 
be seen in Figure 2.2(b).   
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Static contact angles were measured both in the parallel and orthogonal directions of the grooves 
and for water droplet volume of about 10 µL. The size of the droplet was less than the size of 10 
characteristic roughness length scales in most cases. The uncertainty in the measurement of static contact 
angle was less than ±40. Standard deviation in the advancing contact angle measurement in the parallel 
direction was about 4o, while the receding contact angle measurement in this direction showed more 
scatter, with an average standard deviation of about 6o. Advancing and receding contact angle 
measurements in the orthogonal direction of the grooves exhibited some scatter, with an average standard 
deviation of about 5o and 6o, respectively. Dimensions of the groove geometry of all the microgrooved 
and flat brass baseline samples and the corresponding contact angle values in both directions to the 
grooves are reported in Table 2.2. 
 
2.2.4  Measurement of Sliding Angle 
 
The critical sliding angle is a widely used parameter to characterize the droplet mobility and 
liquid drainage behavior of different surfaces. In this study, the critical sliding angle is taken as the angle 
of tilt at which this three-phase contact line at the leading edge of the droplet just starts to move, while the 
conventional definition of critical sliding angle refers to the angle of tilt at which the whole droplet 
moves. The direction of sliding during the critical sliding angle measurements was along the grooves, as 
this sliding direction is known to yield better droplet mobility and easier droplet removal than the same in 
the orthogonal to the grooves (Sommers et al. 2012). In the present study, the critical sliding angle was 
measured for water droplets of volume in the range of 15 µL to 75 µL on two flat baseline and eight 
microgrooved brass surfaces. The microgrooved samples were selected in such a way that the effect of 
groove depth and pillar width on the sliding behavior can be interpreted.  
An experimental apparatus was constructed for sliding angle measurement, which is shown in 
Figure 2.3. Water droplets of different size were placed carefully on the sample surfaces using a micro-
syringe, with the surface mounted strongly on the flat platform of the apparatus in a horizontal position. 
The platform could be tilted upward by rotating the positioning knob, which transmitted the motion via a 
lever-extendable arm assembly to the platform. The tilt angle of the platform with sample was varied 
slowly, at a rate of about 1o/sec. So water droplets on different surfaces rested for a short time (less than 
40-45 sec for all the microgrooved surfaces and in most of the cases for flat surfaces). This was done to 
minimize the effect of droplet rest-time on the retentive force of the droplet (Yadav et al. 2008) and also 
to minimize the extent of evaporation of the water from the droplet. The process was recorded using a 
high speed camera (Phantom v4.2, Vision Research, @ 100-500 fps) and the exact instant at which the 
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droplet starts to slide and the angle of tilt were determined by analyzing the recorded images frame by 
frame. 
In the sliding angle study, the motion of the droplet was always initiated by a movement of the 
advancing contact line. The critical sliding angle was taken as the angle of tilt at the incipient motion of 
the three-phase contact line of the droplet at the advancing edge. The angle of tilt was increased a little 
further than the angle of tilt for the subsequent movement of the rest of the drop. However, the sliding 
motion reported here did not necessarily involve the full sliding of the droplets from the tilted surface in 
many cases. Multiple measurements of critical sliding angle were taken for each droplet volume on each 
sample and the average value of the critical sliding angle is reported. The maximum uncertainty in the 
measurement was about 4o up to a droplet volume of 35 µL, but it was about 2o for larger droplets. Higher 
reproducibility of critical sliding angle measurements for bigger droplets was also reported by these 
studies on micropatterned surfaces (Barahman and Lyons 2011, Liu et al. 2009).  
 
2.3 Results and Discussion 
 
2.3.1  Wetting Anisotropy  
 
The effects of groove geometry, such as the groove depth, width and spacing between the 
grooves, on the wetting anisotropy for size of liquid droplets comparable to the size of the grooves have 
been experimentally examined for micromachined brass surfaces with periodic microgrooves. The 
observed wetting behavior is attributed to the manner in which droplets rest on these surfaces, contact line 
pinning by the groove edges, line tension and texture and local variation of roughness of the 
micromachined brass surfaces. The mechanism and the magnitude of the droplet elongation on these 
surfaces were also studied, both qualitative and quantitatively. Finally, the effect of the size of liquid 
droplets on the wetting behavior was examined. Very few studies could be found in the open literature on 
the wetting anisotropy of micropatterned metallic surfaces fabricated without chemical modification, and 
wettability study on them with droplet size comparable to size of the features are even rarer. 
Experiments on the wetting anisotropy were conducted on all the micromachined and flat brass 
surfaces for a droplet volume of 10 µL, where the drop size was comparable to the dimensions of the 
grooves. A high degree of wetting anisotropy was observed on most of the microgrooved surfaces. A 
significantly higher value of static contact angle (SCA) in the orthogonal direction (across the grooves) of 
the grooves was observed on the microgrooved surfaces, compared to the contact angle on the flat 
baseline surfaces which were hydrophilic in nature. The SCA values on the polished and raw baselines 
were 67o and 68o, respectively [Figure 2.4(a)]. Contact angles on the microgrooved samples in the 
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orthogonal direction of the grooves, on the other hand, was in the range of 125o to as high as 149o and 
were about 60o to 80o higher than that on the flat baseline surfaces [Figure 2.4 (b) & (c)]. Contact angles 
measured in the parallel direction of the grooves (along the grooves) on these surfaces were always found 
to be lower than that in the orthogonal direction and in most cases, were higher than the intrinsic contact 
angle on the flat baseline surfaces and were in the range of 75o to 138o [Figure 2.4(d)]. 
However, the contact angles in the parallel direction of the grooves on 3 microgrooved samples 
(samples DG67WP26WG130, DG27WP110WG130 and DG122WP110WG130, with contact angles in the range of 27o to 
63o), were found to be lower than that on the flat baseline surfaces. The wetting state of water droplets in 
these cases was Wenzel [Figure 2.4(e)]. The smallest value of SCA in the parallel direction was 27o on 
sample DG122WP110WG130, the sample with the maximum groove depth of 122 µm among all the 
microgrooved samples. Contact angle anisotropy in this case was about 105o, which was the highest value 
of contact angle anisotropy observed in this study. On the other hand, the maximum value of SCA in the 
parallel direction of the grooves was measured to be 138o for sample (DG67WP41WG130), which had a SCA 
value of 142o in the orthogonal direction. So, contact angle anisotropy in this case was a minimum with a 
value of about 4o. 
The lower value of the contact angle in the parallel direction of the grooves compared to the flat 
baseline value, as exhibited by 3 microgrooved samples in the present study, was different from the 
contact angle results reported in several similar studies on parallel microgrooved surface with droplet size 
comparable to the groove dimension (Chen et al. 2005, Zhao et al. 2007, Yang et al. 2009). Authors of 
those earlier studies reported contact angle in the parallel direction of the grooves to have a value very 
close to (droplets were in a Wenzel state) or slightly higher (droplets were in a Cassie state) than the 
intrinsic contact angle on the flat baseline surfaces.  
The spreading and consequent highly elongated shapes of water droplets in a Wenzel state along 
the micromachined groove surface have played an important role in exhibiting this low contact angle in 
the parallel direction to grooves. Significant wetting and spreading of liquid along machined grooves of 
different metal surfaces were also reported by Oliver et al. (1980), who termed this behavior as “capillary 
channeling”. Shapes of Wenzel water droplets of same volume on the samples DG36WP110WG130 and 
DG27WP110WG130 in the orthogonal and parallel directions of the grooves are shown in Figures 2.4 (c) & 
(e), respectively.  
The relatively large dimensions of the microgroove structures used in this study might have also 
affected this particular contact angle behavior (very low value of contact angle in the parallel direction). 
The surfaces showing this behavior had either very deep grooves (DG122WP110WG130and DG80WP65WG105) or 
very narrow pillars compared to the grooves with a moderate groove depth (DG67WP26WG130). When a 
water droplet was placed on them, it rested on very few pillars (4-6) and then filled in the groove surface, 
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spreading considerably along the grooves to form a highly elongated droplet and thus exhibiting a low 
SCA value in the parallel direction. The ratio of the amount of liquid filling in the grooves to the total 
volume of the droplet was not negligible for these surfaces. Similar consequence of the large size of the 
structure (micropillars and microposts) was reported by Jopp et al. (2004), who also used a droplet size of 
10 µL which was comparable to the size of the structure. Due to the elongated shape of the droplets along 
the grooves, surfaces exhibiting a Wenzel wetting had higher values of contact angle anisotropy. 
The observed anisotropy on the microgrooved surfaces can be explained in the light of energy 
barrier, contact line pinning, wetting state of the water droplets and the resulting shape of the droplets on 
these surfaces. The three-phase contact line of the droplet gets pinned at the edge of the pillars and the 
droplet is subjected to an energy barrier to wetting across the grooves. However, the absence of this 
energy barrier along the grooves causes the droplet to spread in this direction. As a result, depending on 
the groove dimension, the droplets elongate to different extents along the grooves. Samples which 
exhibited a Cassie wetting had high values of contact angle in both the directions and low contact angle 
anisotropy. Shape of a water droplet on sample DG94WP68WG130 in parallel direction is shown in Figures 
2.4 (d), where the droplet was in a Cassie wetting mode and had an SCA value of 130o. 
The variation of SCA with groove geometry such as groove width, groove depth and pillar width 
is investigated to identify their effects on wetting behavior. With that objective, the SCA was measured 
on samples having a range of groove depth or pillar width, while the groove width was kept constant. The 
variation of static contact angle with groove depth is shown in Figure 2.5, where the filled data points 
indicate a Wenzel state of wetting. For microgrooved samples having a low aspect ratio (≤ 0.22), when 
the dispensed water droplets were placed on the surface, they intruded into the grooves as the pillars were 
not tall enough to hold the droplet without it touching the groove base (as in the case of sample 
DG27WP110WG130). These findings are in line with the studies of evaporating water droplets from micro-
structured surfaces (Jung and Bhushan 2007, Kusumaatmaja et al. 2008, Gross et al. 2010), where for 
shorter posts, the curvature of the droplet increased with a reduction in the droplet volume, resulting in 
the collapse of the droplet into the grooves to cause a transition to a Wenzel wetting state.  
Droplets were in a Cassie mode on microgrooved surfaces with aspect ratio in the range of 0.28≤ 
AR ≤0.75, and these surfaces exhibited similar high values of contact angle. This is because as the groove 
aspect ratio was increased, the taller structures were able to prevent the collapse of the droplets into 
grooves, and the wetting mode was Cassie. Similar results were reported by other authors for surfaces 
with micropillars or microposts of different shapes (Miwa et al. 2000, Yoshimitsu et al. 2002, Bhushan 
and Jung 2007) and the results are also in agreement with the model proposed by Johnson and Dettre 
(1964a) for a sinusoidal hydrophobic surface. According to this model, the wetting state undergoes a 
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transition from Wenzel to Cassie and remains in the Cassie state as the roughness of the surface increases 
and reaches a critical value.  
However, in this study, static contact angle in both directions was found to decrease again with a 
further increase in the aspect ratio, and wetting state transitioned from Cassie to Wenzel for the deepest 
grooved surfaces (having aspect ratios of 0.76 and 0.94, respectively) of sample series SP-A and SP-B. 
This specific wetting behavior was little perplexing as taller microstructure i.e. higher surface roughness 
is considered to be advantageous in maintaining a Cassie mode because of its ability to provide sufficient 
air cushion beneath the droplets. This transition of wetting state from Cassie-Baxter to Wenzel for the 
deepest grooves was different from both experimental and predicted behavior reported in the literature. 
The possible reasons behind this wetting transition are discussed below. 
The shape of the edge of the pillars of these surfaces might have played an important role in the 
exhibited behavior. It is well-known that the shape and slope of the asperity edge can significantly 
influence the motion of the three-phase contact line and the ability of a rough surface to suspend a droplet 
in a Cassie state (Extrand 2002, Thiele and Knobloch 2006, Lobaton and Salamon 2007, Patankar 2010). 
In his contact line density model of wettability, Extrand (2002) reported the effect of the slope of the edge 
on droplet suspendability. He pointed out that when the edge angle (side angle of the pillar at the top, 
measured from inside) is high (90o or higher) and rise angle (side angle of the pillar at the base, measured 
from inside) is low (90o or less), the surface forces acting to suspend the droplets against gravity work in 
the downward direction, resulting in the loss of droplet suspending capacity. For a small edge angle 
(<90o) and high rise angle (>90o), the surface forces are directed upwards and the rough surface can 
efficiently suspend liquid droplets.  
In fabricating the two deepest-grooved surfaces that exhibited Wenzel wetting in this study 
(sample DG122WP110WG130 and DG80WP65WG105), the cutting tools had to go through the highest number of 
tool passes (10 and 8, respectively) which probably resulted in significant tool wear and consequently 
surfaces with a high edge angle at the top and low rise angle at the bottom. As a result, when liquid 
droplets were placed on these surfaces, the pinning of the contact line was weak, making the intrusion of 
liquid droplets into the grooves easier. Moreover, the benefit of a sharp edge in preventing liquid intrusion 
has been acknowledged by several authors (Oliver et al. 1977, Bico et al. 1999), with sinusoidal edge 
being reported to be more susceptible to liquid penetration (Oliver et al. 1977). The tool marks and jagged 
shape of the pillar edge resulting from the heavy cutting operation on the two deepest grooved surfaces 
[Figures 2.6 (a) & (b)] compared to the pillars with sharp and even-shaped edge on surfaces with lower 
aspect ratio [Figures 2.6 (c) & (d)] can be seen from the microscopic images of the pillars in Figure 2.6. 
The pillar edges were worn with removal of metal fragments from the edge of the pillar top on the two 
deepest grooved surfaces, due to the high number of tool passes and consequent bluntness of the cutting 
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tools [Figures 2.6 (a) & (b)]. This shape of pillar edges might have weakened the ability of the eroded 
edges to pin the three-phase contact line when water droplets were placed on these two surfaces, resulting 
in the intrusion of the droplets into the grooves. The profound influence of the texture and orientation of 
the surface roughness of machined metal surfaces on the wetting characteristics and local variation of the 
three-phase contact line of liquid droplet has also been previously reported (Oliver et al. 1980).  
        The variation of SCA with pillar width was investigated for microgrooved samples which had a 
fixed groove depth and width of 67 µm and 130 µm, respectively, while the pillar width was varied from 
26 µm to 187 µm. Water droplets were in a Wenzel state of wetting on sample DG67WP26WG130, which had 
a pillar width to groove width ratio (WP/WG) of 0.2 and exhibited the minimum value of SCA in the 
parallel direction. In this case, due to small pillar width and the large spacing between the pillars, 
intrusion of water into the grooves occurred in a similar manner as observed for the surface with very 
short pillars (sample DG27WP110WG130). The wetting state was Cassie at higher pillar width and the value 
of SCA in both directions to the grooves also increased. Therefore, tall microstructures, along with a 
reasonable value of pillar width to groove width ratio (with a value > 0.2, within the geometric space of 
our study) should be considered for designing a surface with parallel microgrooves, fabricated by 
topographic modification only. The importance of close spacing of the pillars to prevent transition to a 
Wenzel mode and maintain superhydrophobicity has also been stressed in these studies (Patankar 2003, 
Jung and Bhushan 2007, Kusumaatmaja et al. 2008).  
The observed variation of contact angle anisotropy with groove geometry can be further 
explained by examining the variation of the shape of water droplets on these surfaces. The water droplets 
took an elongated and almost parallel-sided shape along the grooves on surfaces with both very low (AR = 
0.21) and high aspect ratios of grooves (AR = 0.94), which exhibited a Wenzel wetting [Figures 2.7(a) & 
(b)]. As a result, water droplets on these surfaces exhibited a lower SCA in the parallel direction of the 
grooves compared to that in the orthogonal direction and consequently exhibited higher contact angle 
anisotropy. Water droplets on surfaces exhibiting a Cassie wetting state, on the other hand, were of 
elliptical or nearly circular shape. Therefore, the contact angles in both directions of the grooves had high 
value and contact angle anisotropy was lower [Figures 2.7 (c) & (d)]. Similar arguments can be made 
about the nature of variation of SCA and drop shape with change in the pillar width. Wenzel water 
droplets on the surface with very small pillar width (26 µm) assumed an elongated shape along the 
grooves and, therefore, showed a very low SCA (53o) in the parallel direction of the grooves and hence 
higher contact angle anisotropy [Figures 2.8(a)]. At higher values of pillar width, the Cassie droplets were 
nearly circular [Figures 2.8 (b)] or elliptical with major axis along the grooves [Figures 2.8 (c)] and 
consequently had low values of contact angle anisotropy. 
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These observed differences in the shape and elongation of the water droplets on different 
microgrooved surfaces and consequent variation in the SCA values were quantitatively investigated by 
measuring the drop length at the base of the droplet in both directions, for a range of droplet volume. The 
lengths at droplet base, when viewed from parallel and orthogonal direction, are denoted as ‘Y’ and ‘X’, 
respectively. Their ratio, the droplet elongation ratio, is then defined as ‘R’= Y/X. Higher value of R 
suggest a more elongated shape of the droplet along the grooves, which will also indicate a lower SCA 
value, especially in the parallel direction of the grooves. The height of the droplets, measured from the 
base of pillars is denoted as ‘h’. 
The variation of the droplet elongation ratio with droplet volume for four microgrooved samples, 
two of which exhibited a Cassie wetting and other two a Wenzel wetting state (indicated by filled data 
points on the plot), is shown in Figures 2.9 (a). The ratio of elongation of water droplets on each of these 
surfaces (within the range of droplet volume used) was found to remain nearly constant with change in 
the droplet volume. The values of R were about 3.5 and 6.0 for the two samples which exhibited Wenzel 
wetting (DG122WP110WG130 and DG67WP26WG130). These high values of R agree well with the very low 
values of contact angles obtained for these surfaces in the parallel direction (63o and 53o, respectively). In 
this case, water droplets sank down the pillars, filled and spread along the grooves and as a result, causing 
these droplets to have a low SCA value in the parallel direction of the grooves. On the other hand, the 
value of R was about 1.5 for sample DG67WP84WG130, which exhibited an elliptical shape for the Cassie 
droplets. Droplets on sample DG67WP41WG130 had an R value of 1.05-1.20, which means that they were of 
nearly circular shape and therefore showed a higher SCA in both parallel and orthogonal directions (138o 
and 142o, respectively) than sample DG67WP84WG130 (128o and 140o, respectively). 
The height of water droplets on these samples (measured from the top of the pillars) as a function 
of the droplet volume is plotted for the same 4 samples in Figures 2.9 (b). The height of the Cassie 
droplets was nearly 1.5-1.8 times higher in magnitude than the droplets of same size in a Wenzel state. 
The height of the droplets in a Cassie wetting was found to increase with an increase in the droplet 
volume. Wenzel water droplets, on the other hand, had a lower average height on both the surfaces and 
the droplet height was found to be nearly constant with the change in droplet volume. Thus, further 
addition of liquid into the Wenzel droplet went into elongating the droplet along the grooves, rather than 
increasing the droplet height.  
This variation of droplet shape (elliptical, parallel-sided, circular etc.) with groove geometry 
(groove depth and pillar width) can be very important in determining the liquid drainage characteristics 
on these surfaces. This is because the droplet retentive force on a tilted surface depends on the shape and 
elongation of the liquid droplet, which will be discussed later in section 2.3.3. 
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A wettability study with droplet sizes comparable to the size of the roughness features is 
important because this situation occurs during the condensation and evaporation processes on 
micropatterned surfaces; such studies have been conducted by several authors for both micrometer and 
sub-micrometer scale feature size (Zhao et al. 2007, Yang et al. 2009, Jopp et al. 2004). Moreover, 
studies to understand the wetting transition or collapse of liquid droplets on rough surfaces often involve 
investigation of evaporation of liquid droplets from these surfaces, where the droplet size is essentially 
comparable to the size of the microstructures (Jung and Bhushan 2007, Kusumaatmaja et al. 2008, Gross 
et al. 2010). Dependence of contact angle on the size of liquid drop on micropatterned surfaces has been 
reported by several researchers (Chen et al. 2005, Yang et al. 2009, Jopp et al. 2004, Brandon et al. 
2003).  
The number of pillars supporting liquid droplets on a microgrooved surface varies with both size 
of the droplet and pattern geometry, which may affect the value of contact angle on them. In order to 
understand the effects of droplet volume on the wetting, SCAs in both parallel and orthogonal directions 
of the grooves were measured on four microgrooved brass samples for a range of water droplet volume of 
3 µL to 10 µL. Only the samples exhibiting a Cassie wetting regime were used for this part of the study. 
The results are shown in Figure 2.10. For the clarity of presentation, the results are reported here for two 
microgrooved samples. Similar results were obtained for the other samples.  
Within the range of droplet volume used in this study, SCA in the orthogonal direction of the 
groove was found to increase slightly with an increase in the droplet volume. Contact angle increased 
from about 140o to 145o for sample DG67WP84WG130 and from 138o to 147o for sample DG33WP95WG105 as 
the droplet volume was increased from 3 µL to 10 µL. However, although there was some scatter in the 
SCA values with changes in the droplet volume when measured in the parallel direction, no significant 
trend was noticed. These findings closely agree with the results reported by Chen et al. (2005) (for a 
range of drop volume of 0.5 to 5.5 mm3) and those by Yang et al. (2009) (for drop size of 0.4 nL to 1.3 
µL) on surfaces with parallel microgrooves. The earlier studies by these authors (Chen et al. 2005, Yang 
et al. 2009) also found a notable increase in the apparent contact angle (about 7o to 10o) with droplet 
volume in the orthogonal direction of the grooves, with a slight or no increase in the contact angle 
measured in the parallel direction.  
The increase in the contact angle with droplet size might result due to the line tension of the three-
phase contact line. Line tension is a 1-D analogue of the surface tension, which is defined as the free 
energy per unit length of the three-phase contact line and it arises due to the imbalance of the 
intermolecular forces around the three-phase confluence. The line tension works along the three-phase 
contact line and has been cited as the reason for the dependence of the contact angle on droplet size 
(Good and Koo 1979, Gaydos and Neumann 1987, Lin and Li 1995, Li and Neumann 1990, Drelich and 
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Miller 1994, Amirfazli et al. 1998). The so called Modified Young’s equation, which considers the 
contribution of line tension, is given by equation 2.1  
 
                                 cos cos slve
lvr
γθ θ
γ
= −                                                         (2.1)    
                                                              
 
where slvγ  is the line tension, θe is the classical Young’s contact angle and ‘r’ is the radius of the three-
phase contact circle. This equation suggests that contact angle is a function of droplet size and shows a 
linear dependence of cosθ on 1/r. However, different signs (positive and negative) and hence different 
patterns of variation of contact angle with droplet size (contact angle increasing/decreasing with droplet 
size) have been reported in the literature. Negative values of line tension as a requirement for an increasing 
contact angle with droplet size have been suggested by several authors (Gaydos and Neumann 1987, Lin 
and Li 1995). An increase of up to 5o in the contact angle, for a drop size increase from 1 to 4 mm, has 
been reported for a line tension value of (2.5 ± 0.5) x10-6 J/m (Gaydos and Neumann 1987).  
Although the fact that the solid surface roughness would contribute to the effect of droplet size on 
contact angle has been shown (Good and Koo 1979, Drelich and Miller 1994), it is still unclear and 
difficult to formalize that how surface roughness, let alone designed micro-patterns, affect the droplet size 
dependence of contact angle. The contortion or corrugation of the three-phase contact line on rough and 
heterogeneous surfaces is believed to play an important role in the observed contact angle behavior, and 
the term ‘pseudo-line tension’ is often used in these cases to explain the drop size dependence of contact 
angle (Gaydos and Neumann 1987, Drelich and Miller 1994, Amirfazli et al. 1998). In this study, the 
increase of contact angle in the orthogonal direction of the grooves is calculated to be about 5o and 0.6o 
for an increase in droplet size from 3 µL to 10 µL, if a line tension value of 10-5 and 10-6 J/m is used, 
respectively (assuming spherical droplet). 
On the other hand, depending on the droplet size and the number of pillars on which it is resting, 
the droplet will take an equilibrium shape corresponding to the local energy minimum (Chen et al. 2005). 
When the droplet size is larger, it would rest on more number of pillars and will be subjected to a higher 
energy barrier to wetting across the grooves, resulting in a more circular shape of the droplet when 
viewed along the grooves. However, Yang et al. (2009) postulated that the droplet size dependence of 
contact angle reaches a plateau for the droplet diameter to groove width ratio value of about 10 and 
contact angle does not increase anymore with droplet volume. Similarly, the variation of cosθ with 1/r 
was found to disappear after a certain droplet size in these studies (Good and Koo 1979, Drelich and 
Miller 1994).   
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2.3.2  Effect of Groove Geometry on Droplet Mobility  
 
The magnitude of the resistance to sliding of droplets on a surface is strongly influenced by the 
contact angle hysteresis in the direction of sliding. A systematic study on the effect of parallel, periodic 
microgroove geometry on the contact angle hysteresis and liquid sliding behavior on brass surfaces for a 
wide range of groove dimension and a large sample space is reported. The observed anisotropy and 
variation in the contact angle hysteresis with dimensional variation of the groove geometry are analyzed 
in terms of shape and elongation of deposited droplets, wetting regime, mechanism of the advancing and 
receding motions, length and continuity of the three-phase contact line and pinning of the droplets by the 
groove edges. The observed anisotropy of the contact angle hysteresis was found to be strongly dependent 
on the topography of the groove geometry, which is analyzed in detail. Mechanisms of the advancing and 
receding motions of water droplets on these surfaces are identified. The findings of this study may be 
useful in a broad range of applications where water retention plays an important role. 
In the present study, contact angle hysteresis on the microgrooved samples was always found to 
be lower when measured along the grooves in comparison to the same across the grooves. For samples 
exhibiting a Cassie wetting state, the anisotropy in the contact angle hysteresis ranged from about 7o to as 
high as 48o. This anisotropy was primarily caused by the large differences between the advancing contact 
angle values in the parallel and orthogonal directions of the grooves. Three-phase contact line, during 
continuous injection of liquid into the droplet, was found to be pinned by the groove edges and was 
subjected to energy barrier against motion across the grooves. However, there was no pinning by the 
groove edges along the grooves and the three-phase contact line advanced more readily along the groove 
upon injection of more liquid. The observed anisotropy in the advancing contact angle measurements 
between the two directions was in the range of about 2o to 78o.  In comparison, the receding contact angle 
values in the two directions showed closer agreement and the anisotropy was in the range of about 2o to 
about 46o, for samples in a Cassie wetting state. 
The contact angle hysteresis showed a very large increase when the wetting state was Wenzel. 
The hysteresis in these cases was taken as equal to the advancing contact angle, because the receding 
three-phase contact line did not move when water was continuously withdrawn from the droplets. Contact 
angle hysteresis for droplets in a Wenzel state varied from about 42o to as high as 162o. The two flat 
baseline surfaces had very similar values of contact angle hysteresis (about 64o for RBL and 60o
 
for PBL). 
All the microgrooved samples exhibiting a Cassie wetting state had lower hysteresis than the baseline 
surfaces in both directions of the grooves (except for sample DG67WP187WG130). The reduction in contact 
angle hysteresis on these microgrooved surfaces in the parallel and orthogonal directions of the grooves 
was as high as 42o and 35o, respectively, over the flat baseline surfaces. 
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The effect of the depth of the microgrooves on the contact angle hysteresis in both parallel and 
orthogonal directions of the grooves is shown in Figures 2.11(a) & (b) for the samples of series SP-A, SP-
B and SP-C. The samples of the different series had fixed groove and pillar width. The filled data points 
indicate that the surface exhibited a Wenzel state of wetting. From the Figures 2.11 (a), it can be seen that 
the droplets were in a Wenzel state on the surface with the shallowest grooves (DG27WP110WG130) and the 
deepest grooves of the sample series SP-A and SP-B (samples DG122WP110WG130 and DG80WP65WG105, 
respectively), as discussed in section 2.3.1.  
Contact angle hysteresis in the parallel direction of the grooves was always lower than the same 
across the grooves, as can be seen from Figures 2.11 (a) & (b). This is due to the significant pinning of the 
three-phase contact line by the pillar edges and the specific nature of motion of the advancing and 
receding contact line in the orthogonal direction. The advancing motion across the grooves was identified 
to resemble a rolling motion. The advancing contact line was pinned by the pillar edge and did not move 
during the advancing motion. Rather, the liquid-air interface bulged forward and lowered down to touch 
the next pillar, exhibiting a very high advancing contact angle in this process (in the range of about 150o 
to 165o, for Cassie-Baxter wetting). Similar mechanism of droplet motion during advancing movement 
was also reported by these authors on different kinds of micropatterned surfaces (Extrand 2002, Dorrer 
and Rühe 2006, Gao and McCarthy 2006, Patankar 2010). This advancing motion of a droplet across the 
grooves is shown in Figures 2.12 by two successive images of a droplet. The contact line is pinned at the 
edge of the pillar (indicated by a white line) [Figures 2.12(a)], while the liquid air-interface, upon 
continuous injection of liquid into the droplet, can be seen to lowering down on the next pillar as the 
advancing contact angle is approached [Figures 2.12(b)].   
The receding motion in this direction was identified to be very different from the advancing 
motion and exhibited a lower contact angle value (in the range of 87o to 122o, for Cassie droplets), 
therefore, giving rise to higher contact angle hysteresis than the same along the grooves. The receding 
contact line too, was found to be pinned by the pillar edge. As liquid was continuously withdrawn from 
the droplet, the air-liquid interface was deformed to provide the necessary energy for the contact line to 
detach and jump from the edge of the pillar to the edge of the next pillar during the receding motion, 
dewetting the pillar top quickly (see the successive images of a receding droplet across the grooves in 
Figure 2.13. Similar mechanism of droplet receding motion on micropatterned surfaces was reported by 
these authors (Gao and McCarthy 2006, Patankar 2010, Lv et al. 2010). 
For surfaces exhibiting a Wenzel wetting state, the receding contact line across the groove did not 
move even when all the liquid was withdrawn from the droplet (Figure 2.14). This happened due to 
higher solid-liquid contact and very strong pinning associated with the Wenzel droplets. The receding 
contact angle on these surfaces was taken as zero. 
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Pillar width of the microgroove geometry can significantly influence the advancing and receding 
contact angles and hence contact angle hysteresis because the solid fraction (the fraction of solid surface 
in contact with the liquid) increases with increasing pillar width, as does the length of three-phase contact 
line in a Cassie wetting state. Contact angle hysteresis results on six surfaces with fixed groove depth and 
width (67 µm and 130 µm, respectively) and varying pillar width (from 26 to 187 µm) are shown in 
Figure 2.15.  
When a water droplet was placed on the surface with the smallest pillar width of 26 µm (sample 
DG67WP26WG130), the droplet rested on the pillar top only momentarily and then started sinking into the 
grooves. Because of the large distance between the narrow pillars (pillar width to groove width ratio of 
0.20), intrusion of water into the grooves occurred in a similar manner as observed for the surface with 
very short pillars (sample DG27WP110WG130). So, the sample was in a Wenzel wetting state and the contact 
angle hysteresis in both directions was very high. Similar results were also reported for surfaces with 
square posts of 64 µm and 128 µm and similar distances between the posts (Öner and McCarthy 2000).  
For all the other surfaces with larger pillar width than DG67WP26WG130, the droplets were in a 
Cassie wetting regime and contact angle hysteresis in both directions exhibited a small increase with an 
increase in the pillar width. For the surface with the maximum pillar width of 187 µm (DG67WP187WG130), 
hysteresis in the direction orthogonal to the grooves was about 69o. This was the only instance of higher 
value of hysteresis on the microgrooved surface in any direction than the same on flat baseline surface, 
when the droplet was in a Cassie wetting regime. This was the result of higher solid fraction and 
increased length of the three-phase contact line with an increase in the pillar width. These findings are in 
agreement with results reported by these authors (Dorrer and Rühe 2006, Yeh et al. 2008], who found a 
consistent decrease in the contact angle hysteresis for an increasing spacing between the surface 
structures, while the size and height of the microstructures were kept constant. 
Contact angle hysteresis is considered to be more strongly influenced by the variation in the 
receding contact angle, which is more sensitive to changes in the surface topography. This fact and the 
effects of increasing solid fraction on the contact angle hysteresis can be further seen from Figure 2.16, 
where hysteresis is plotted as a function of solid fraction for SD-series samples exhibiting a Cassie 
wetting. Equation 2.2 was used to calculate the solid fraction, assuming straight groove bottom and 
sidewall of the pillar and neglecting the changes in surface area due to the micromachining marks on the 
groove and pillar surfaces- 
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From Figure 2.16, it can be seen that the contact angle hysteresis increased with solid fraction in 
both directions which was due to a relatively insensitive θAdv and slowly decreasing θRec with solid 
fraction. These findings are consistent with the results shown in Figure 2.15 due to the fact that an 
increasing solid fraction with fixed groove width would mean an increase in the pillar width, for which 
the contact angle hysteresis was shown to increase with pillar width. For a smaller pillar width or solid 
fraction, the three-phase contact line is smaller and has more discontinuity. These factors favor easier 
sliding of liquid droplets, as was also pointed out by Yoshimitsu et al. (2002) in their study of wetting on 
microgrooved surfaces.  
 
2.3.3  Effect of Groove Geometry on Critical Sliding Angle 
 
The critical sliding angle is a widely used parameter to characterize the drainage behavior of 
different surfaces. This parameter provides a convenient means to quantify how easily liquid can slide off 
a surface, overcoming the retentive force that causes the droplet to stick on the surface. During the sliding 
angle measurement experiments, it was observed that the sliding of the droplet is always initiated by the 
movement of the contact line at the advancing confluence (bottom end of the droplet). It should be noted 
that in this study, the critical sliding angle is taken as the angle of tilt at which this three-phase contact 
line at the leading edge of the droplet just starts to move, while the conventional definition of  critical 
sliding angle refers to the angle of tilt at which the whole droplet moves. The reason for doing this will be 
explained later in this section. 
During the sliding angle experiments, the tilt table was rotated at a speed of about 1o/sec, so water 
droplets on different surfaces rested for a short time (less than 40-45 sec for all the microgrooved surfaces 
and in most of the cases for flat surfaces). This was done to minimize the effect of droplet rest-time on the 
retentive force of the droplet (Yadav et al. 2008) and also to minimize the extent of evaporation of the 
water from the droplet. The critical sliding angle of 4 microgrooved and 2 flat baseline surfaces as a 
function of droplet volume is shown in Figure 2.17.  A notable decrease in the critical sliding angle can be 
seen for all the microgrooved surfaces over the flat baselines at all the droplet volumes, signifying the 
positive effect of the groove microstructures parallel to the sliding direction in enhancing the water 
drainage. A reduction in the retentive force caused by factors such as lower solid fraction, shape of the 
droplet base contour and discontinuity of the three-phase contact line, all can be cited as possible reasons 
for improved sliding behavior on the microgrooved surfaces. 
For the microgrooved surfaces, the critical sliding angle decreased sharply as the droplet volume 
was increased initially from 25 µL up to 45 µL, then decreased slightly or remained nearly constant for 
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further increase in the droplet volume. Higher volume or higher mass of the droplet means higher 
gravitational force acting to overcome the retention force of the droplet arising from surface tension, i.e. 
contact angle hysteresis. Although the length of three-phase contact line and solid-liquid contact area 
increases with an increase in the droplet size (the increase in the length of three-phase contact line is more 
important than the increase in the solid-liquid contact area, as it has been pointed out by Youngblood and 
McCarthy (1999) that the motion of a droplet is mostly a contact-line event) and hence retention force, the 
increase in the gravity force is more profound with an increase in the droplet volume. These recent studies 
by Yadav et al. (2008) and Letellier et al. (2007) have also reported the retention force to be a function of 
droplet volume.  
The mathematical expression of the tilt angle at the onset of sliding (equation 1.4) developed by 
Furmidge (1962), which includes the advancing and receding contact angle and the mass and width of the 
droplet, was later modified by Extrand and Gent (1990). They accounted for the elongated shape of the 
droplet on the tilted surface before sliding. This modified Furmidge equation, which was used to compare 
our experimental data on critical sliding angle with the predicted value, can be given as –  
 
                                             Re
2
sin (cos cos )LV c Adv
w
mg
γ
α θ θ
pi
= −                                                        (2.3) 
where α alpha is the critical sliding angle, m is the mass and w is the width of the droplet and LVγ is the 
surface tension at the liquid-vapor interface. Critical sliding angle data on two microgrooved surfaces, 
sample DG67WP187WG130 and DG36WP110WG130, both of which exhibited a Cassie wetting, are compared for 
three droplet sizes with the calculated sliding angle from equation 2.3 and is shown in Table 2.3. The 
experimental value of critical sliding angle is based on the first movement of the advancing contact line, 
while that given by the modified Furmidge equation represents the sliding angle for full sliding of the 
droplets. However, for the surface exhibiting a Cassie wetting state, both the advancing and receding 
contact lines moved (almost) simultaneously, with movement of the advancing contact line taking place 
first. Therefore, in the case of Cassie wetting state, the values of critical sliding given by definition used 
in this study essentially represents the same value (slightly smaller) as that for the full sliding of the 
droplets. The reason the critical sliding angle was taken in the present study as the angle of tilt when the 
advancing contact line started to move is because for Wenzel droplets, the receding contact line was 
observed to be pinned on the surface even when the rest of the droplet has moved a long distance and 
even slid of the surface (when deposited close to the edge), making the use of the conventional definition 
problematic. The calculated and measured sliding angle values were found to be in good agreement. The 
51 
 
two values were found to be little off for the droplet size of 45 µL, where the measured values were 
slightly smaller than that predicted by equation 2.3.  
An increase in the pillar width resulted in a monotonic increase in the sliding angle at all the 
droplet volumes, as can be seen from Figure 2.18 (a). The change in the sliding angle with pillar width is 
most profound a droplet volume of 35 µL, and for bigger droplets the variation in the critical sliding angle 
with pillar width is small. The critical sliding angle increased with pillar width because of the higher solid 
fraction of droplets on wider pillars, which gives rise to higher retentive force.  
Variation of critical sliding angle can be seen as a function of groove depth at three droplet sizes 
for a fixed groove width and pillar width of the surfaces [Figure 2.18 (b)]. The sliding angle decreased 
slightly with an increase in the groove depth and in this case too, the variation was most profound at the 
smallest droplet size of 15 µL. 
One interesting point to note from the plots of Figure 2.18 is that the lowest critical sliding angle 
was obtained for the samples with the deepest groove (DG122WP110WG130, AR ≈ 0.94) and smallest pillar 
width (DG67WP26WG130). In both those cases, the droplets were in a Wenzel wetting state and consequently 
had higher contact angle hysteresis in the sliding direction than the other samples. This counterintuitive 
finding can be explained by considering the definition of critical sliding angle used in this study and the 
specific nature of motion of Wenzel droplets on these surfaces exhibiting the lowest critical sliding angle. 
As mentioned before, the sliding motion of the droplets in this study was always initiated by a movement 
of the advancing contact line. As brass is a hydrophilic material and no coating has been applied on the 
surface, the droplet is subjected to considerably lower resistance to wet the bare surface by the movement 
of the advancing contact line than the resistance to dewetting the surface by the receding edge. As a 
result, especially for the Wenzel droplets, there was significant pinning of the contact line at the receding 
edge and the receding contact line did not detach even when the advancing contact line had moved a 
considerable distance. This gave rise to the “tadpole” shaped droplet with a long tail on the microgrooved 
surfaces exhibiting a Wenzel wetting, as can be seen from Figure 2.19. The trailing end of these tadpole-
shaped Wenzel droplets left a considerable ‘water footprint’ behind on the surface upon fully sliding off 
of the surface.  
For Wenzel droplets, the advancing contact line was found to move forward at a low tilt angle as 
the droplets were already in a highly elongated, parallel-sided shape along the groove, i.e. in the direction 
of sliding [Figure 2. 7 (a)]. Therefore, although these droplets had higher contact angle hysteresis in the 
sliding direction, the reduced width and highly elongated shape of these droplets caused the advancing 
contact line to start moving forward at a very low tilt angle. It can be seen from equation 1.4 that the 
retentive force of a droplet decreases with a decrease in the width of the droplet. Moreover, the parallel-
sided shape of the base contour means that the surface tension force, acting on the two sides does not 
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contribute to the overall retentive force, as they are in orthogonal direction to gravity (Liu et al. 2009). 
From the above discussion, it is understood that initiation of the droplet movement at a low tilt angle does 
not necessarily indicate an improved liquid drainage characteristics as observed in the case of the surfaces 
exhibiting a Wenzel state of wetting.   
The shape of the base contour of water droplets was also found to play an important role in 
determining the magnitude of the retentive force, and subsequently the sliding behavior of the droplets. 
The top-down views of the shapes of water droplets of same volume on different microgrooved surfaces 
were shown before in Figures 2. 7 and 2.8. For the two surfaces on which the droplets were in a Wenzel 
wetting state (samples DG27WP110WG130and DG122WP110WG130, samples with the shallowest and deepest 
grooves, respectively), the droplets assumed very elongated, parallel-sided shape [Figure 2. 7 (a) & (b)]. 
The droplet shape was elliptical, with major axis along the grooves considerably longer than the minor 
axis, on surfaces with a low aspect ratio, exhibiting a Cassie wetting (AR ~ 0.28-0.31) [Figure 2. 7 (c)]. 
Water droplets on sample DG67WP187WG130, which had the largest pillar width of 187 µm, were of elliptical 
shape, but with minor axis across the grooves slightly smaller than the major axis [Figure 2.8(c)]. 
From Figure 2.18 (b), it can be seen that the critical sliding angle decrease slightly with an 
increase in the groove depth for surfaces exhibiting Cassie wetting state (for surfaces with a groove depth 
of 36 µm, 67 µm, and 98 µm, respectively). This can be explained as due to the effect of this variation in 
the shape of the base contour of the droplet on these surfaces. Both the samples DG67WP110WG130and 
DG98WP110WG130 exhibited low and similar values of sliding angle [Figure 2.18 (b)] and contact angle 
hysteresis [Figure 2.11(a)] and the droplets assumed a circular shape on them [Figure 2. 7(d)-(e)]. The 
shape of the water droplet on sample DG36WP110WG130, on the other hand, was elliptical or slightly 
elongated along the grooves [Figure 2. 7(c)], as mentioned before. This elongated shape of the droplet can 
increase the retention force if accompanied by an increase in contact angle hysteresis with droplet 
elongation; this has been shown in the present study and was also reported in the literature (Extrand and 
Kumagai 1995).  
The shape of water droplets on inclined surfaces has been studied extensively, both 
experimentally and numerically, using various approaches. Different shapes of the sliding droplets, such 
as circular, elliptical, parallel-sided and droplets with asymmetric elongation etc. have been reported 
(Bikerman 1950, Furmidge 1962, Dussan and Chow 1983, Extrand and Kumagai 1995, Elsherbini and 
Jacobi 2006). Different values of retentive force factor k (from equations 1.4 & 1.5) for these different 
shapes of droplets have been proposed by different authors. Dussan and Chow (1983) predicted a value of 
k =2 for the parallel sided droplets, while for droplets with circular base contour, proposed value of  k is 
usually in the range of k = 1.0 (Dussan and Chow 1983)  to  k ≈ π/2 (Extrand and Gent 1990).  
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In the present study, droplets of all of these shapes have been observed to form on the surfaces 
with different groove geometry. However, within the geometric space of the microgrooved surfaces used 
in this study, it was observed that the droplets on microgrooved surfaces with an aspect ratio in the range 
of 0.28-0.75 and with small pillar width to groove width ratio (0.32-0.85) remain in a Cassie wetting 
regime for a relatively large droplet sizes (~ 75 µL), have both low contact angle hysteresis and sliding 
angle values, and slides off the surface easily with almost no trace of residual water. Regarding the shape 
of the droplet, surface exhibiting a Cassie wetting state with a circular shape of droplet is preferable over 
the parallel-sided, elongated droplets, as the latter leave a significant water footprint on the surface after 
sliding off the surface. 
Therefore, from the consideration of efficient surface design with improved water shedding 
(based on the geometric space of this study), the surfaces with parallel grooves should be designed to 
have a reasonable value of pillar width to groove width ratio (> 0.2) such that the water does not intrude 
between the pillars, but at the same time the pillar width should not be very large such that the solid 
fraction is very high, which is found to increase both hysteresis and sliding angle. The surfaces should 
also have a minimum limit of the aspect ratio (>0.25) to preferably manifest circular droplet shape and 
maintain a Cassie wetting regime, thus minimize the possibility of water intrusion into the grooves and 
leave no water footprint on the surface. 
 
2.4 Conclusions 
 
In summary, although the effects of geometry of microstructures on the wettability and droplet 
mobility have been studied extensively for surfaces with micropillars and microposts, there have been far 
fewer studies of microgrooved metal surfaces. The present study aimed at the quantification of the effects 
of the dimensional variation of microgroove geometry on the wettability, liquid sliding characteristics, 
and drop morphology on these surfaces. Brass surfaces with parallel microgrooves were fabricated using 
a micro end-milling process, by topographic modification and without any chemical treatment of the 
surface. The substrates had groove depth in the range of 26 to 122 µm, groove width of 27 to 187 µm and 
were fabricated by using cutting tools 75- 125 µm in diameter. The important findings of the present 
study are summarized below:  
 
1. The wetting state and shape of deposited water droplets, anisotropy of the contact angle 
hysteresis, and liquid drainage characteristics of water droplets on the microgrooved surfaces are 
found to be strongly dependent on the topography of the groove geometry. The observed wetting 
behavior is attributed to the manner in which droplets rest on these surfaces, contact line pinning 
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by the groove edges, line tension, and texture and local variation of surface roughness of the 
micromachined brass substrates. 
 
2. High values of static contact angle (SCA) and strong wetting anisotropy were observed on these 
microstructured surfaces, with contact angle as high as 138o and 149o in the parallel and 
orthogonal of the grooves, respectively, for size of water droplets (~10 µL) comparable to the 
dimensions of the microgrooves. Wetting anisotropy was observed on these microgroove surfaces 
due to the differential elongation of the water droplets on them in two different directions (along 
and across the grooves).  
 
3. Water droplets were in a Wenzel wetting state on surfaces with very high (> 0.75) and low (≈ 0.2) 
aspect ratio and also for very small pillar width (WP/WG ≈ 0.2), forming highly elongated droplets 
and manifesting very low contact angles parallel to the grooves. Contact angle hysteresis was 
very high in these cases. The shape of the edge of the pillars was found to play very important 
role in the observed wetting behavior.  
 
4. Hysteresis value exhibited a monotonic increase with pillar width when the droplets were in 
Cassie wetting state due to the increased length of the three phase contact line with an increase in 
pillar width.  
 
5. Droplets of all volumes are found to slide much more readily on micro grooved surfaces than 
when placed on the flat baseline surfaces and a significant reduction in the critical sliding angle of 
deposited water droplets was obtained for the microgrooved samples over the flat surfaces for all 
droplet volumes. 
 
6. The sliding angle exhibited a significant groove geometry dependence and was found to increase 
with pillar width and decrease with groove depth. 
 
7. A guideline was proposed, based on the findings within the geometric space of this study, to 
design microgrooved surfaces to have an intermediate aspect ratio and pillar width for enhanced 
water drainage, as they exhibited lower contact angle hysteresis, negligible water footprint on the 
surface and were able to maintain a Cassie state for considerably large droplet size, thus 
minimizing the possibility of water retention on the surface. 
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2.5 Figures and Tables 
 
Table 2.1 Topographical data of the microgrooved and flat baseline brass surfaces. The notations SP and 
SD refer to ‘same pitch’ and ‘same depth’, respectively. 
 
Series Sample 
Groove depth, 
DG (µm) 
Pillar width, 
WP (µm) 
Groove width, 
WG (µm) 
Aspect ratio 
(DG/ WG) 
WP/WG 
 
SP-A 
DG27WP110WG130 
DG36WP110WG130 
DG67WP110WG130 
DG98WP110WG130 
DG122WP110WG130 
27 
36 
67 
98 
122 
110 130 
0.21 
0.28 
0.53 
0.75 
0.94 
0.85 
SP-B 
DG33WP95WG105 
DG73WP87WG105 
  DG40WP65WG90 
DG80WP65WG105 
33 
73 
40 
80 
95 
87 
65 
65 
105 
105 
90 
105 
0.31 
0.70 
0.44 
0.76 
0.90 
0.83 
0.72 
0.62 
SP-C 
DG36WP68WG130 
DG94WP68WG130 
36 
94 
68 130 
0.28 
0.72 
0.52 
SD 
DG67WP26WG130 
DG67WP29WG130 
DG67WP41WG130 
DG67WP77WG130 
DG67WP80WG130 
DG67WP84WG130 
DG67WP110WG130 
DG67WP187WG130 
67 
 
26 
29 
41 
77 
80 
84 
110 
187 
130 
 
0.52 
 
0.20 
0.22 
0.32 
0.59 
0.62 
0.65 
0.85 
1.44 
 
PBL 
RBL 
Polished Baseline (Ra ≈20 nm) 
Raw Baseline (Ra ≈ 100 nm) 
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Table 2.2 Contact angle data of all the microgrooved and flat baseline brass surfaces 
 
Sample 
θStatic (o) ΘAdvancing (o) ΘReceding (o) Hysteresis (o) 
Parallel Orthogonal Parallel Orthogonal Parallel Orthogonal Parallel Orthogonal 
DG27WP110WG130 56.6 134.7 92.0 141.5 0 0.0 92.0 141.5 
DG36WP110WG130 77.3 140.2 87.5 161.2 56.8 102.6 30.7 58.6 
DG67WP110WG130 85.2 145.7 89.7 158.7 60.0 95.0 39.7 62.7 
DG98WP110WG130 104.9 142.8 111.7 155.2 72.3 101.3 39.4 53.9 
DG122WP110WG130 27.3 132.7 41.9 139.7 0 0.0 41.9 139.7 
DG33WP95WG105 111.8 135.1 118.2 152.7 86.8 91.8 31.4 60.9 
DG73WP87WG105 129.4 145.2 142.9 149.1 95.0 91.0 47.9 58.1 
DG40WP65WG90 119.5 135.1 127.7 153.7 100.3 102.5 27.4 51.2 
DG80WP65WG105 44.0 125.4 76.6 142.5 43.6 89.2 33.0 53.3 
DG36WP68WG130 130.6 148.7 135.5 157.3 109.1 106.4 26.4 50.9 
DG94WP68WG130 122.8 143.8 130.4 154.5 103.5 101.0 26.9 53.5 
DG67WP26WG130 53.0 141.6 60.4 161.6 0.0 0.0 60.4 161.6 
DG67WP29WG130 25.4 72.1 30.8 141.8 0.0 0.0 30.8 141.8 
DG67WP41WG130 138.0 142.2 148.2 150.4 126.6 121.9 21.6 28.5 
DG67WP77WG130 112.7 143.0 113.5 163.8 74.1 106.9 39.4 56.9 
DG67WP80WG130 124.0 144.9 138.7 156.3 107.9 109.6 30.8 46.7 
DG67WP84WG130 128.0 140.5 140.9 157.2 101.0 103.7 39.9 53.5 
DG67WP110WG130 85.2 145.7 89.7 157.7 60.0 95.0 39.7 62.7 
DG67WP187WG130 115.5 142.9 119.1 157.0 83.3 87.9 35.8 69.1 
RBL 68.3 80.3 16.3 63.9 
PBL 67.5 80.9 20.5 60.4 
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Table 2.3 Comparison of experimental and calculated critical sliding angle (using modified Furmidge 
equation) along the grooves on two microgrooved surfaces for three different droplet sizes.  
 
Sample Droplet volume (µL) 
Sliding angle 
(calculated) 
(o) 
Sliding angle 
(experimental) 
(o) 
DG67WP187WG130 
25 34.2 36.9±4 
35 30.9 31.7±4 
45 19.8 15.3±2 
DG36WP110WG130 
25 24.9 20.2±4 
35 21.3 18.7±4 
45 16.8 12.0±2 
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(a)      
           
                          
(b) 
 
 
(c) 
Figure 2.1 Images of the micro-grooved brass sample under a) SEM), b) optical microscope with groove 
bottom (left) and pillar top (right) in focus, and c) 3D screenshot of the microgroove geometry obtained 
from optical profilometer. Burrs and machining marks can be seen on the surface of the pillars and 
grooves from images (b).  
  200 µm 
    200 µm 
  200 µm 
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 (a)     (b)          (c) 
Figure 2.2 Notations used to describe water droplets on microgrooved surfaces in the a) ‘parallel’ and b) 
‘orthogonal’ directions of the grooves. The droplet is in  a Cassie wetting state as can be observed from 
(b) by noting the light coming through the air pocket below the droplets, while the water droplet is in a 
Wenzel wetting as seen in (c). 
 
 
 
Figure 2.3 Experimental apparatus for the measurement of the critical sliding angle of water droplets. The 
tilt table was rotated with deposited water droplet on it from a horizontal position at a speed of about 
1o/sec. 
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               (a)                       (b)                         (c)                      (d)                            (e) 
Figure 2.4 Water droplets of same volume on a (a) flat baseline surface, (b) microgrooved surface 
DG94WP68WG130 in the orthogonal of the grooves [the air pocket below the droplet is visible, indicating a 
Cassie wetting state], (c) microgrooved surface DG36WP110WG130 [across the grooves, in a Wenzel wetting 
state], (d) microgrooved surface DG94WP68WG130 in the parallel direction of the grooves, and (e) 
microgrooved surface DG27WP110WG130 [parallel, in a Wenzel state]. 
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(b) 
Figure 2.5 Static contact angle is lower for low (≤ 0.22) aspect ratio and for the two deepest grooved 
surfaces of two sample series due to water droplets being in Wenzel wetting regime in a) parallel and b) 
orthogonal directions of the grooves. The filled data points (■ and ●) indicate a Wenzel mode of wetting. 
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(a)            (b) 
          
 (c)          (d) 
Figure 2.6 Images showing four microgrooved surfaces with different aspect ratios under an optical 
microscope at 20X zoom, with the pillars in the focus. The serrated edge of the pillars can be seen on 
surfaces a) DG80WP65WG105 and b) DG122WP110WG130 with aspect ratios of 0.76 and 0.94, respectively. Pillar 
edge on low aspect ratio surfaces, as that seen on samples c) DG27WP110WG130 and b) DG67WP110WG130 with 
aspect ratios of 0.21 and 0.52, respectively, were sharper and significantly less rough.  
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(a)              (b)         (c)                               (d)        (e) 
Figure 2.7 Groove depth has pronounced effect on the shape of water droplets on the microgrooved 
surfaces. Shape of water droplets (25 µL) on different microgrooved surfaces with an aspect ratio of a) 
0.21, b) 0.94, c) 0.28, d) 0.52, and e) 0.75 is shown. The droplet shape was elongated and nearly parallel 
sides along the grooves on surfaces exhibiting Wenzel wetting [(a) & (b)], thus manifesting higher contact 
angle anisotropy.  
 
 
 
     
        (a)                                         (b)                                              (c) 
Figure 2.8 Shape of water droplets (25 µL) on different microgrooved surfaces with fixed groove depth of 
67 µm and a pillar width of a) 26 µm b) 80 µm c) 187 µm. 
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(b) 
Figure 2.9 Comparison of the a) amount of elongation and b) height of water droplets of different volumes 
on four microgrooved samples. The droplet elongation ratio was nearly constant with a change in the 
droplet volume and had higher values for Wenzel droplets. The droplet height was higher for the Cassie 
droplets and it increased with droplet volume. The filled data points indicate a Wenzel state of wetting. 
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Figure 2.10 Effect of droplet volume on static contact angle for 2 microgrooved samples exhibiting a Cassie 
wetting mode, measured in the parallel and orthogonal directions to the grooves. 
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(a)               (b)                                     
Figure 2.11 Variation of contact angle hysteresis in parallel and orthogonal directions of the grooves with 
aspect ratio is shown for sample series a) SP-A and b) SP-B and SP-C. The filled data symbols (▲ and ●) 
indicate a Wenzel state prevailed, the Cassie state was manifested for all other data points. The shallowest 
and deepest grooved samples of series SP-A (with aspect ratio values of 0.21 and 0.94, respectively) and 
the deepest grooved sample of series SP-B (with an aspect ratio of 0.76) exhibited a Wenzel wetting and 
high contact angle hysteresis. 
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          (a)      (b) 
Figure 2.12 During the advancing motion of water droplet across the grooves, a) the contact line was 
pinned by the pillar edge (marked by a white line in the image) and did not move. When advancing 
contact angle was reached upon injection of liquid into the droplet, b) the liquid-air interface lowered 
down (marked by the circle) and went on to touch the next pillar, resulting in high advancing contact 
angle in this direction. 
 
 
 
 
 
     
(a)          (b)          (c) 
Figure 2.13 For receding motion of a Cassie droplet across the grooves, a) the droplet is pinned by the 
edge of the pillar (marked by a white line). As the receding contact angle is approached by continuous 
withdrawal of liquid from the droplet, the contact line is de-pinned and jumps from the edge of the pillar 
to the edge of the next pillar, as can be seen from successive images b) and c). 
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Figure 2.14 In case of the receding motion of a Wenzel droplet across the grooves, the receding contact 
line was pinned very strongly by the pillar edge and did not move even when all the liquid was withdrawn 
from the droplet, as can be seen from the series of successive pictures in time (from left to right).  
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Figure 2.15 Contact angle hysteresis was very high and equal to the advancing contact angle for very 
small pillar width (pillar width to groove width ratio of 0.2) and the droplets were in Wenzel state. For 
droplets in Cassie state, hysteresis in both directions increased slightly with pillar width. The filled data 
points (● and▲) indicate Wenzel droplets in the parallel and orthogonal directions of the grooves, 
respectively. 
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Figure 2.16  Due to relatively insensitive advancing and slowly decreasing receding contact angle, contact 
angle hysteresis in both directions of the grooves increased slightly with an increase in the solid fraction 
(for surfaces exhibiting a Cassie wetting regime).  
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Figure 2.17 Critical sliding was smaller for microgrooved surface than flat brass baselines at all droplet 
volumes. For larger droplets, sliding angle became relatively insensitive with change in droplet size. 
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(a)                (b) 
Figure 2.18 Critical sliding angle on the microgrooved surfaces a) increased with an increase in pillar 
width (for a fixed groove depth and width of 67 µm and 130 µm, respectively) and  b) decreased slightly 
with an increase in groove depth (for a fixed pillar width and groove width of 110 µm and 130 µm, 
respectively). 
 
 
 
     
   (a)      (b) 
Figure 2.19 “Tadpole” shape of Wenzel droplets at full sliding on sample a) DG27WP110WG130 b) 
DG122WP110WG130. The receding contact line of the droplet is pinned while the rest of the droplet has 
moved considerable distance as can be seen, which leaves a significant ‘water footprint’ even after the 
droplet fully slides off of the surface. 
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CHAPTER 3 
 
CONDENSATION AND FROST FORMATION PATTERNS, AND FROST 
PROPERTIES ON MICROGROOVED AND FLAT BRASS SURFACES 
  
3.1 Introduction 
  
There has been considerable interest in understanding and also manipulating the effects of surface 
wettability on the condensation and frosting processes. The wetting, growth and coalescence of 
condensed droplets on a hydrophobic or hydrophilic substrate can be quite different from the behavior 
observed for placed or injected droplets. Distribution, size and shape of the water droplets during the 
condensation process are influenced by the surface wettability, which in turn affects the growth and 
properties of the frost layer. Although a significant number of studies have been conducted on frost 
formation under different operating conditions and effect of surface treatment on frosting phenomenon, 
studies of frost formation on the micro-patterned surfaces prepared by modifying the topographical 
features only, are very rare. 
In the present work, this gap in the existing body of work is attempted to address and a detailed 
study of the frost property variation with microgrooved topographical texture under both single and 
multiple frost/refrost cycles is presented. Effect of groove geometry on the condensation and early frost 
formation pattern and consequently on the frost property is investigated. Frost was grown on a number of 
flat and microgrooved brass samples under a range of plate and air temperature and relative humidity 
conditions inside an environmentally controlled chamber. These microgrooved brass surfaces were 
fabricated by changing the surface topography only and no chemical modification of the surface was 
implemented. The samples were so selected such that the effect of the groove depth and pillar width on 
the frost structure and frost property can be understood in frost/refrost cycles. 
The differences in the condensation and frost formation pattern and frost growth on the different 
surfaces were closely studied by visualizing the processes by a high speed camera which was equipped 
with microscopic zoom lens. Frosting was always preceded by the condensation of water droplets on the 
test sample surfaces, and frosting by ablimation (direct solidification of water vapor) has not been 
considered in this study.  
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3.2 Experimental Methods 
 
3.2.1  Experimental Apparatus 
 
In this study, all the frost/defrost/refrost experiments were conducted inside a thermally 
controlled chamber under specific operating conditions. Schematics of the experimental apparatus are 
shown in Figure 3.1. The test chamber was a rectangular box made up of plexiglass and had dimensions 
of 30 x 30 x 22 cm3. The front-side of the chamber had a circular view-port for observation and 
recording of images of the frosting/defrosting process via a high speed camera (Phantom v4.2, Vision 
Research, up to 2100 fps at 512 x512). The visualization process was also aided by another CCD camera 
(Prosilica GC1290, 32 fps). 
Experiments were conducted under both natural convection condition with air at room 
temperature and under forced convection where cold air was supplied into the test chamber. For the 
forced convection condition, cold air was blown inside the chamber by a vortex tube cooler (EXAIR 
corporation, Model-3225, 42.5 M3/hr). The vortex tube used compressed air as intake, divided it into two 
streams (hot and cold) and forced the two streams out from two opposite ends of the cooler. The cold air 
flow rate and temperature was controlled by adjusting a slotted valve at the hot air outlet. Compressed 
air at a pressure of about 690 kPa was supplied to the vortex cooler and the resulting cold air from cooler 
was fed to the control chamber through a well-insulated Tygon® tube. The temperature of air at the cold 
air outlet was maintained so that the average air temperature around the sample and inside the chamber 
can be kept fixed at about -5oC to -6oC. The chamber walls in all sides were well insulated to maintain 
the air temperature inside the chamber at the desired value. In order to prevent condensation on the front 
view-port wall, anti-frost paint was applied before beginning the test.  
The plexiglass chamber was firmly attached to a rigid wood support in the back which assisted in 
accommodating the direct mass measurement system. The direct mass measurement system, employed for 
the measurement of frost mass during the frost/defrost/refrost operations, consisted of a horizontal, 
plexiglass support plate with parallel slots on which the thermo-electric cooler was mounted. The position 
and orientation of the thermo-electric cooler could be adjusted by moving the cooler along the slots and 
then fixing it on the plate by screws. This plate-cooler assembly was then suspended by two parallel 
stainless steel shafts from the top of a precision balance (Mettler XP 6002S, accuracy ±0.01 g), which was 
placed on top of the support with another horizontal plexiglass plate over the balance.  
A critical issue in the direct mass measurement was to ensure that the whole assembly (shaft, 
horizontal plates, cooler, connecting wires, sample, etc.) is suspended freely from the overhead balance. 
This was achieved by connecting the wires such that they did not impart a force on the assembly and by 
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making sure that the cooler, shaft and the horizontal support plates remained steady and did not contact 
any other parts of the apparatus. Vibration of the assembly, due to the fan of the cooler, was damped by 
placing the cooler very securely on the plate and by providing heavy support around it. After the sample 
was attached to the cooler and other connections were set up, the precision balance was switched on and 
reset to a zero reading to make sure that it measured the mass of the frost only. 
 
3.2.2  Experimental Procedure 
 
Before every frosting/defrosting experiment, the samples were cleaned by placing them in 
acetone bath in an ultrasonic cleaner for 3-4 minutes. They were then rinsed with distilled water and 
isopropyl alcohol and finally dried by compressed air flow. Thermally conductive tape (k = 1.4 W/mK) 
was used to attach samples to the thermo-electric cooler (CP-063, TE technologies) to ensure better 
thermal contact. Relative humidity inside the chamber was maintained at the desired level by using a cool 
mist humidifier (Crane, EE-5301). Relative humidity of air inside the chamber was measured by two 
capacitive hygrometers (with accuracy of ±2%) placed on the chamber wall on two sides of the 
thermoelectric cooler. In order to measure the temperature of the sample during the tests, a total of eight 
thermocouples (E-type, measurement uncertainty of ± 0.200C) were connected to the sample by placing 
them inside the holes on each side (≈ 2 mm in diameter). Four to six more thermocouples were used at 
different positions inside the chamber to measure the air temperature. Both humidity and temperature 
measurements were recorded using a data acquisition system (National Instruments). The air velocity was 
measured at various points inside the chamber using an anemometer [VelociCalc®, accuracy ±0.01 m/s] 
and frost surface temperature was measured using an infrared camera [Mikron Midas, accuracy ±20C] at 
regular intervals. 
In order to examine the effect of the variation of groove geometry on the early frost formation 
pattern, frost was grown on a number of microgrooved and flat brass samples having a wide range groove 
depth, width and spacing under a range of operating conditions. Condensation and frost formation 
processes on the samples were closely observed by recording images via a high speed camera with 
microscopic lens. Frost was grown the samples under specific operating conditions for different frosting 
periods (from 2 to 4 hours) and for single or multiple frost cycles. For multiple frost cycles, the frosting 
experiments were followed by a defrosting process. Defrost was carried out in two methods. In self-
defrost method no external energy was supplied for melting the frost and the peltier cooler was simply 
switched off. In electric defrost method electric energy was supplied to the substrate at specific power 
settings by reversing the connection polarity of the power-supply. For the forced convection experiments, 
the cold air supply was switched off and the cover of the control chamber was removed, so defrosting 
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took place with surrounding air at room temperature (20±20C). Defrosting process was terminated when 
all the frost had melted and the plate temperature reached a value of ≈ 50C.  
 
3.2.3  Measurement of Frost Thickness and Density 
 
In order to examine the effect of the groove dimension on frost properties, frost was grown and 
the thickness and density of the frost layer were measured on eight microgrooved samples along with a 
flat brass sample in single and multiple cycle frosting experiments up to four hours long (70% RH, plate 
temperature = -10oC and -18oC, air temperature = 22±2oC, natural convection). Four of these 
microgrooved samples had fixed groove depth and width (DG = 67 µm, WG = 130 µm) and variable pillar 
width (WP = 26 to 187 µm), and four more samples had fixed groove and pillar width (WG = 130 µm, WP 
= 110 µm) while the groove depth varied from 27 to 122 µm.  
Frost thickness was determined by recording images (Prosilica GC1290, 32 fps) of the frost 
surface from the side of the samples at every 15 to 30 min and measuring the thickness by a non-contact 
method by detecting the edge of the frost layer and generating a frost layer outline using the software 
ImageJ®. A cold light source illuminator with adjustable intensity (CUDA I-150) was used because the 
clarity of the image is affected greatly by the lighting and a hot light source will cause the frost surface to 
start melting.  
The different steps involved in the frost thickness measurement are shown in Figure 3. 2. The side 
profile of the frost layer on a surface after a frosting period of 90 minutes (plate temperature ≈ -10oC, air 
temperature ≈ 22oC, RH ≈70%) is shown in Figure 3. 2(a). The image is converted to 8-bit gray-scale 
image, where each pixel represents only the intensity information of the image. A ‘thresholding’ of the 
image is then carried out to create a binary image [Figure 3. 2(b)], where the pixels are either black or 
white, above or below a cut-off (threshold) value. The image is then analyzed to calculate the total 
number of pixels within the frost layer, shown by the black portion in Figure 3. 2(b). A frost layer 
boundary outline is generated [Figure 3. 2(c)] and the frost thickness is measured by calculating the 
number of pixels in the frost layer, with the pixel size already determined from a known length scale. This 
process gives very precise outline of the frost layer [as can be seen from Figure 3. 2(c)] and accurate 
value of the frost layer thickness. The whole process is then repeated for a number of images over the 
length of the sample and the average value of the frost thickness is reported. Wang et al. (2010) presented 
the details of a non-contact bilateral frost thickness measurement method by using a microscopic image 
system and image processing technique. They employed similar techniques like image de-noising and 
edge detection along with the conversion of color image to gray-scale image, filtering and image contrast 
enhancement to measure the frost thickness with high accuracy.  
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Uncertainty in the frost thickness measurement was about 0.1 mm. Density of the frost layer was 
determined by recording the mass of the frost accumulated on the samples at the same intervals when the 
thickness of the frost layer was measured and then using the average frost thickness to calculate the 
volume of the frost layer. Mass of frost was measured by employing the direct mass measurement system. 
In this study, as mentioned above, the thickness of the frost layer was measured by taking the 
images of the frost layer from one side of the sample surface. From experimental observation, it was 
noted that the surface of the frost layer on the microgrooved samples becomes uniform after a frosting 
period of about 45-60 min, in spite of the directional and non-uniform frost growth in the earlier stages of 
frost formation. To corroborate this claim of the uniform frost layer over the microgroove and to justify 
the validity of using the side profile of the frost layer as the basis of measuring the frost thickness of the 
entire frost layer after a certain period of frost growth, 3D images of the frost surface were reconstructed 
at several periods during frost growth and analyzed. This was done by recording a stack of 2D images 
(20-25 images) between angles of -60o to 60o of the sample surface at regular intervals. Examples of the 
3D frost surface images on microgrooved sample DG68WP26WG130, at frost growth periods of 90 and 120 
min, respectively are shown in Figures 3.3(a) and 3.3(b). The sample DG68WP26WG130 has the lowest pillar 
width among all the microgrooved surfaces and the frost layer on its surface exhibited highly directional 
crystal growth at the initial stage of frost formation and a fluffy frost structure. However, as can be seen 
from the images of Figures 3.3(a) and 3.3(b), the frost layer is uniform over this microgrooved surface, 
justifying the use of the thickness of the frost side-profile as the average thickness of the frost layer.  
 
3.3 Results and Discussion 
 
3.3.1  Condensation and Frost Formation Pattern on Flat and Microgrooved Brass 
Surfaces in Natural Convection 
 
Condensation and frost formation patterns on a number of vertical microgrooved and flat brass 
surfaces were investigated under natural convection condition in the presence of air at room temperature. 
To facilitate better comparison of the condensation and frost formation processes on the flat and 
microgrooved brass surfaces, experiments were also conducted on a sample which had parallel 
microgrooves on one half and a flat surface on the other. Frost was grown on the sample surface inside 
the thermally controlled chamber at plate temperatures of -8oC to -12oC, and at relative humidity of 30% 
to 80%. The flat brass surface was hydrophilic in nature with a water contact angle of  68o. On the other 
hand, the grooved portion of this surface had water contact angles of 113o and 143o and,
 
in the parallel and 
orthogonal directions to the grooves, respectively.  
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A series of successive pictures showing the growth, coalescence and merging of water droplets on 
the sample surface with both the flat and microgrooved portions is shown in Figure 3.4. A remarkable 
difference in the shape, size and distribution of water droplets on these two surfaces can be observed from 
these images. Nucleation of water droplets occurred at the same time on both the surfaces and very small 
droplets were found to form everywhere on the surface in the manner of dropwise condensation, as can be 
seen from Figure 3.4(a). At this stage of condensation, the droplets grew as individual, isolated droplets 
with a very small and equal average radius on both kinds of surfaces. However, with increasing 
condensation, droplets started to grow and merge with the adjacent water droplets to form larger droplets. 
At this point, droplets on the flat baseline surface had a random shape and the droplets density on the 
surface (number of droplets on unit surface area) was higher than that on the microgrooved portion 
[Figure 3.4 (b)]. The average size of the droplets on the flat surface was smaller than that on the grooved 
portion during this period. In the final stage of condensation, water droplets on the flat surface started to 
merge together at a higher rate and formed large droplets of random size and shape, covering most of the 
surface [Figures 3.4 (c) and 3.4 (d)].   
The droplet growth pattern on the microgrooved surface during the condensation process, on the 
other hand, was very different. The water droplets formed on the pillars and grooved surfaces had an 
elongated shape in the direction of the grooves. Droplets on the pillars surface were found to grow at a 
higher rate and were typically larger in size than the droplets on the groove surface (this although, might 
depend on the relative dimensions of the grooves and pillars). During the initial stage of drop growth and 
merging, average size of the droplet on the grooved surface (especially on the pillars) was bigger than that 
on the flat baseline surface [Figures 3.4 (b)]. The size of the droplets became larger as the droplets, both 
on the pillar and grooved surface, continued to grow and merging and coalescence of the droplets 
occurred. As the condensation process continued, water droplets on the microgrooved surface were found 
to grow along the pillars and grooves, assuming long, parallel-sided shape. This happened due to the well-
known pinning of droplets by the groove and pillar edges as mentioned before, which arrested the growth 
of the drop in the direction perpendicular to grooves. It was observed that with increasing condensation, 
merging of the drops on the flat surface took place at a higher rate than the same on the microgrooved 
surface. Within few minutes, the size of the merged droplets on the flat baseline became bigger than the 
merged droplets on the grooved surface whose growth continued only in the direction parallel to the 
grooves. Water droplets on the pillar and groove surfaces had the length in the perpendicular to groove 
direction equal to the width of the pillars and grooves, respectively.  
The coalescence and merging of the droplets on the groove surface occurred in a similar fashion 
as that on the pillars. As mentioned before, droplets were found to grow at a faster rate on the pillars than 
on the grooves for this sample, at the specified test conditions. This can be seen from Figure 3.5 (a), 
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where although the droplets have already grown to considerably large size and covered almost the whole 
pillar surface, a significant portion of the groove surface was still not covered by the condensed water 
droplets. However, as the condensation on the surface continued, droplets on the groove surface grew and 
coalesced together to form a long, column-like droplet. The water droplets on two of the grooves are 
shown (encircled) in Figure 3.5(a), which contained patches of dry portion between them. However, from 
Figure 3.5 (b), it can be seen that the water droplets on the grooves have merged together to form one 
very long chain of water droplet, covering the entire frame.   
In this study, bridging between the droplets on the pillar and groove surface was not observed 
very frequently for the microgrooved samples under the operating conditions of these experiments, unlike 
the study of Narhe and Beysens (2006). At the rate of substrate cooling used in these experiments, in most 
cases freezing of the droplets occurred before the droplets on either groove or pillar top became big 
enough to cause any bridging between them, either by rising or sinking of the droplets. However, when 
bridging occurred, droplets on the groove and pillar merged together and formed a large droplet covering 
multiple pillars and grooves. This phenomenon can be observed more clearly from Figures 3.6(a)-(b), 
where by the bridging of water drops between two adjacent pillars and the grooves, single frozen droplet 
is seen to cover multiple pillars and grooves (encircled). From the experimental observations, it was 
found that the frequency of the bridging of droplets, formed on the pillar and groove surfaces, depends 
largely on the groove dimension and the cooling rate of the substrate. For the cases of higher groove 
depth and pillar width, the droplets on the pillars and groove did not merge together that frequently even 
when the condensation process continues for a considerable amount of time. Also, when the surface was 
cooled at a higher rate, freezing of the droplets took place before the bridging of droplets between groove 
and pillars could occur. The effects of the microgroove geometry on the condensation and early stage of 
frost formation at different substrate cooling rates will be discussed in detail in section 3.3.3.  
As cooling of the surface continued below the freezing point of water, freezing of the condensed 
droplets on both the flat and microgrooved surfaces occurred at the same time without any observable 
delay. Image of droplets on both the surfaces, immediately after freezing is shown in Figure 3.6 (a). The 
frosting cycle, starting from the time the water droplets froze on the surface, was continued up to 3 hours. 
The structure and the pattern of frost formation on both the surfaces, at different time intervals, are shown 
in Figures 3.6 (b)-(h). 
After the freezing of the condensed droplets occurred, frost crystals started to grow in different 
directions on both the surfaces in the same manner initially. Because of the differences in the droplet size, 
shape and orientation during the condensation stage, frozen droplets on the flat brass surface were larger 
in size and had small gaps of thin film of frozen water between them. Frost crystals started to grow on 
both the thin layer and large droplets, with small ice-flakes observable, especially on the sides of the 
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droplets [Figure 3.6 (c)]. The frost layer on the grooved surface, on the other hand, took the shape of a 
parallel ‘brick-wall-like’ pattern, especially on the pillar surface as the elongated condensed water 
droplets froze on them. On the few spots where bridging of droplets between groove and pillar surfaces 
occurred, the frozen droplet had relatively bigger size and the groove surface did not appear like a 
channel. Except that, the frost layer on the surface of the grooves was not easily observed and the grooves 
had the appearance of many dark channels in parallel. 
The frost deposition on the surface continued with time and the differences in the crystal growth 
pattern on the two surfaces became more evident. The frost crystals grew in a non-uniform manner in 
different directions on the grooved surface. This irregular growth of the frost layer can be seen from 
Figures 3.6 (d)-(h). The frost crystals exhibited more directional growth in the direction parallel to the 
surface, with numerous ice-flakes growing in the perpendicular and angular directions to the grooves. As 
a result, the frost layer gradually started to cover the empty surface over the grooves and the parallel 
channels were no longer visible. This non-uniform and highly directional growth of the frost layer also 
gave the appearance of a spongy, loose frost structure and suggested the formation of a less dense frost 
layer, with plenty of voids in the frost structure. This also suggested a non-uniform thickness of the frost 
layer on the microgrooved surface, especially during the initial stage of frost formation. The growth of 
frost crystals on the flat surface, on the other hand, was found to be more in the normal direction to the 
surface. Frost layer growth was more uniform and the frost layer had a denser looking structure on the flat 
surface. However, the difference in the frost pattern and structure became less distinguishable after long 
frosting period, as can be seen from Figure 3.6 (h), recorded at the end of the 3 hour long frosting cycle. 
 
3.3.2  Condensation and Frost Formation Pattern on Flat and Microgrooved Brass 
Surfaces in Forced Convection 
 
Frost was grown on the microgrooved and flat brass samples under forced convection condition 
with an air velocity of ≈ 0.3 -1.0 m/s (around the sample), air temperature ≈ -5 to -6oC, and plate 
temperature of ≈ -25oC for 3 hours. To take a closer look at the nature of condensation of water droplets, 
frost structure and frost formation pattern on the microgrooved and plain brass surfaces, frost was grown 
on the same sample as before (with both microgrooves and flat portions on it). Condensation and frosting 
process at different time intervals during the frosting process on this sample is shown by a series of 
images in Figure 3.7. 
Frost structure on the microgrooved surface during the early stage of frost formation, with frost 
growing more predominantly on the top of the pillars, leaving parallel empty dark lines on the grooves 
between them, was considerably different than those on the flat brass surface. It can be seen from the 
79 
 
images of Figure 3.7 that droplets of condensed water vapor and consequently frost on the grooved 
surface formed mostly along the pillar surfaces and the parallel grooves could be seen as dark lines 
[Figures 3.7 (a) and 3.7(b)]. Frost on the other hand, had nearly equal thickness everywhere on the flat 
surface. As the frost deposition on the surface was continued, the grooves became less visible as frost 
crystals grew in all directions parallel to the surface. From Figure 3.7 (c) it can be seen that frost 
deposition on the grooved surfaces has occurred and the growth of the frost crystals on the pillars in 
different directions have covered the empty spaces of the groove surfaces adjacent to them. The frost 
formed on the microgrooved portion was observed to have a different structure and pattern due to the 
difference in frost thickness on the pillar and groove surface and as a result, had a less dense structure 
overall, with empty looking spaces between the pillars. After a frosting period of an hour, frost pattern on 
the grooved surface looked very different than that on the flat surface, as can be seen from Figure 3.7 (d). 
The parallel channel like frost structure can be seen more clearly from Figure 3.7 (e).  Frost structure on 
the microgrooved surface at this point of time looked slightly more irregular with frost flakes growing in 
all directions in a random manner than the frost structure on the flat surface.   
As the frost deposition is continued, the difference in the frost pattern and structure on the 
grooved and flat surface became slightly less distinguishable as can be seen from Figures 3.7 (f) - (h). 
From Figure 3.7 (g), taken at 100 min of frost formation by a normal Nikkor lens instead of the 
microscopic lens, it can be seen that the left half of the surface looks irregular and less dense even from a 
less closer view and differences in the frost pattern could still be identified. Shape and distribution of the 
frost crystals on the grooved surface after a frosting period of 160 minutes is shown in Figure 3.7 (h). 
Thus for the forced convection condition, frost structure on the grooved surface showed more irregularity 
and directional crystal growth up to nearly 1.5 hours of frost formation. For longer frosting operation, the 
differences in the frost structure on the grooved and flat surfaces were slightly less distinguishable. 
Overall, differences in the condensation and frost patterns were less prominent for the forced convection 
condition compared to the same when frost was grown on the same sample surface under natural 
convection condition.  
 
3.3.3  Effect of Groove Geometry on the Condensation and Initial Frost Formation 
Patterns 
 
It is important to study the effect of dimensional variation of microgroove geometry on the 
condensation and frost formation processes as such study might enable us to better understand the effects 
of the groove dimension on the frost structure. The size, number and distribution density of condensed 
water droplets on the pillar and groove surface might very well depend on the width and depth of the 
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pillars and grooves. This might influence the number and spacing of the frost columns and dynamics of 
the frost growth on these surfaces and depending on that, frost layer in the later stages can assume a fine 
or coarse structure, and hence different density and thermal conductivity. Moreover, the shape, size and 
distribution of the condensed and frozen droplets can be affected profoundly by the rate of cooling of the 
substrate and relative humidity of the surrounding air.  
In order to examine the effect of the variation of groove geometry on the early stage frost 
formation, frost was grown on 12 microgrooved brass samples having a wide range groove depth and 
pillar width values, under the same operating conditions (air temperature = 22±2o C, plate temperature = -
8o, -18o C, natural convection) and for different substrate cooling rates and relative humidity conditions. 
In this study, the rate of cooling was specified by the ‘freezing time’, which is defined as the time 
required for the condensed droplets to form and freeze on the substrate from the start of cooling of the 
samples from room temperature conditions. The condensed droplets become larger if the air relative 
humidity is high and/or the cooling rate is slow, allowing enough time for the condensed droplets to grow 
and also to merge with other droplets. In this study, the variation in the frost pattern with change in the 
groove geometry is discussed primarily for two substrate cooling rates. At the fast cooling rate, the 
condensed droplets on different microgrooved surfaces froze after a period of about 14±3 min from the 
start of the experiments at room temperature; it was 36±3 min for the slow rate of cooling.  
At the beginning of the condensation process, nucleation of very tiny droplets was found to occur 
on both the pillar and groove surfaces. Therefore, no Cassie-Baxter wetting state was observed during the 
condensation process on these surfaces. However, the formation and growth of condensed droplets were 
found to be more prominent on the pillar top than on the surface of the grooves for all these surfaces 
irrespective of groove dimensions. Very tiny droplets of water started to form on the surface of the pillars 
very rapidly and the droplets started to grow bigger by the process of merging and coalescence with the 
adjacent droplets. All the results reported here on the variation of initial frost formation pattern with 
groove geometry at different substrate cooling rates are for an air temperature of 22±2oC and air relative 
humidity of 70% at natural convection conditions. All the reported images (except Figure 3.8) in this 
chapter on the variation of frost structure with groove geometry were recorded immediately (within 2 
minutes) after the condensed droplets froze on the surface under the above mentioned operating 
conditions. 
Images recorded during the condensation and frost formation process on microgrooved surfaces 
with fixed groove and pillar widths but different groove depth revealed significant differences in the 
condensation and frosting pattern and the subsequent variation in the frost structure. The effect of the 
depth of the microgrooves on these processes was investigated on a number of microgrooved surfaces 
with fixed groove width and pillar width of comparable value (WG and WP = 130 µm and 110 µm, 
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respectively), and also for surfaces which had groove width nearly twice the width of the pillars (WG and 
WP = 130 µm and 68 µm, respectively). The groove depth was varied from 27 µm to as high as 122 µm 
(aspect ratio of 0.21 to 0.94). 
At the slow substrate cooling rate (freezing time of 36±3 min), on microgrooves surfaces with a 
low aspect ratio (AR = 0.21- 0.31), a significant portion of the condensed droplets that formed on the 
surface of the pillars, sank down and intruded into the groove surface. Upon merging with the water 
droplets on the adjacent grooves, these droplets became large and covered multiple pillars and grooves. 
Because of the relatively small depth of the grooves, bridging of the condensed droplets occurred easily, 
either by the sinking of the droplets formed on the pillars into the grooves, or by the rising of the droplets 
on the groove surface to merge with the droplets formed on the adjacent pillars. The bridged droplets 
usually grew to a relatively large size and covered up to 5-10 pillars and the grooves between them 
[Figures 3.8(a)-(b)]. The initial frost structure on these surfaces was irregularly structured [Figures 3.9(a)-
(c)] and looked very similar to that on the flat baseline surface [Figures 3.9(d)]. It should be mentioned 
here once again all the images reported here on the effect of groove geometry on the early frost formation 
pattern were recorded immediately after (within 2 minutes) the condensed droplets froze on the surface 
for the corresponding substrate cooling rates. 
The size, distribution and growth dynamics of the condensed and frozen droplets on surfaces with 
high aspect ratio (0.70-0.86) were different than that observed for the shallow grooves. The condensed 
droplets were found to form, grow and merge more noticeably on the pillar surface due to easier solid-
vapor contact and formed a brick-wall-like pattern of droplets on the pillar top [Figures 3.10 (a)-(b)]. 
However, bridging of water droplets formed on the groove and pillar surfaces was very rare on these 
surfaces. Droplets on the pillar top sank into the grooves to form a long column of water drop along the 
groove surface. As a result, at the end of the condensation period, nearly no water droplet was observed 
on the top of the pillars for the surface with the deepest groove (AR= 0.86) [Figure 3.10 (c)]. 
The observed nature of condensation and frost formation at the same cooling rate of the substrate 
for microgrooved surfaces with an intermediate aspect ratio (0.47-0.70), was again, entirely different. On 
these microgrooved samples, a significant portion of the condensed droplets stayed on the pillar surface 
before freezing, giving the frost pattern a regular, brick-wall-like appearance [Figure 3.11]. There were 
also occasional merging between the water droplets on the pillars and grooves, but the droplets were only 
large enough to cover 1-2 pillars and the adjacent grooves. The resultant initial frost pattern on these 
surfaces thus had a very noticeable parallel-channel-like appearance with frozen droplets on the pillars, 
while the groove surfaces appearing as empty, dark lines. 
Condensation and initial frost formation patterns on the microgrooved surfaces were different 
when the cooling rate was higher, i.e. when the condensation period was shorter and freezing of the 
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droplets occurred early (freezing time of 14±3 min). For this fast cooling rate there was, in general, less 
coalescence of condensed droplets and also the bridging among droplets on the pillar and groove surfaces 
occurred less frequently. There was considerably less bridging among droplets on the low aspect ratio 
surfaces (AR = 0.21- 0.31). The resultant initial frost pattern on these surfaces at a higher rate of cooling 
thus had a very noticeable brick-wall-like frost pattern on the pillars, with nearly empty groove surfaces 
[Figures 3.12(a)-(c)]. For the deepest grooved surface (AR = 0.94), the frosting pattern had the regular 
parallel, brick-wall-like droplets on the pillar top [Figures 3.12 (d)]. However, for a slightly lower rate of 
cooling (freezing time of about 18 min), a significant portion of the condensed droplets rolled off the 
pillar surface of this sample into the grooves and filled in the groove surface [Figures 3.12 (e)]. 
In order to examine the effect of the variation of pillar width on the early frost structure, frost was 
grown under the same operating conditions on six microgrooved surfaces which had the same groove 
depth and width (67 µm and 130 µm, respectively), while the pillar width varied from about 26 µm to 187 
µm. On microgrooved surfaces with pillar size comparable to the size of the grooves (pillar width to 
groove width ratio, WP/WG = 0.65-1.44), the formation and growth of the condensed droplets at the 
slower rate of substrate cooling were more prominent on the pillar surfaces due to higher solid-vapor 
contact area of the pillars. The condensed droplets formed, grew and merged along the pillars to give a 
brick-wall-like appearance. On surfaces with smaller pillar width, the condensation and frost pattern, 
however, were completely different. When the pillar width was much smaller than the widths of the 
grooves (WP/WG ≤ 0.5), condensed droplets were more prominent on the surface of the grooves. 
Depending on the cooling rate, top of the pillar surfaces of these samples, on the other hand, remained 
nearly empty or had small droplets on them. The bridging of droplets was usually more common on the 
surfaces with larger pillar width. 
When the samples were cooled slowly, the brick-wall-like frost pattern was found to appear on 
the surface of the grooves, rather than that of the pillars, for surface with very narrow pillars (WP/WG = 
0.20- 0.32). The condensed droplets, formed on the top of these narrow pillars, sank down into the groove 
surface after growing to a certain size [Figure 3.13(a)]. For slightly wider pillars (WP/WG = 0.59), some of 
the condensed droplets stayed on the pillar top, while the rest sank down the pillars and filled the groove 
surface [Figure 3.13(b)]. When pillar width was comparable to that of the grooves (WP/WG = 0.65- 0.85), 
the regular brick-wall-like frost pattern was found to form on the pillar surfaces [Figure 3.13(c)]. For the 
surface with pillar width to groove width ration of about 1.5, the condensed droplets were found to form 
predominantly on the pillar top. These droplets, after becoming large through the process of growth and 
coalescence, intruded into the groove surface to fill in the grooves. The top of the pillars of this sample 
were found to be relatively empty. The condensation and frost patterns on this surface are shown in 
Figures 3.14(a)-(c). 
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The nature of the condensation and early frost formation patterns on these microgrooved surfaces 
with varying pillar width was different when they were cooled at a fast rate (freezing time of 14±3 min). 
The surfaces with narrow pillars (WP/WG ≤ 0.52) had small droplets on both the groove and pillar 
surfaces, with very few occurrences of droplet bridging [Figure 3.15(a)]. Condensed droplet stayed and 
froze on the top of pillars of samples with pillar size comparable to the size of the grooves [Figure 
3.15(b)]. For a slightly lower cooling rate (freezing time of 22±2 min), the sample with largest pillar 
width had the grooves filled in by droplets along with the regular frost pattern [Figure 3.15(c)].      
To summarize the effect of the microgroove geometry on the condensation and frost formation at 
an early stage, it has been observed that depending on the rate of cooling and the groove geometry, 
condensed droplets formed on the surface of the pillars either merged with the droplets on the grooves 
and filled the grooves completely, or bridged with droplets on the adjacent pillars and grooves to form a 
large droplet, or froze on the top of the pillars. When the cooling rate was high and relative humidity was 
low, the droplets did not grow large enough to cause bridging and usually froze on the pillar top. For a 
low rate of cooling and high relative humidity, bridging of droplets occurred more frequently. For 
surfaces with fixed groove width and depth, the brick-wall-like frost pattern was observed on the top of 
the pillars of the microgrooved samples whose pillar width was comparable to the width of the grooves. 
Bridging of the condensed droplets and completely filled groove surface with condensed droplets were 
more common for surfaces with wide pillars. The condensation pattern described by Narhe and Beysens 
(2006) for surfaces with parallel microgrooves was found to be only partially followed in this study. The 
four stages of droplet evolution reported by them were observed not to occur chronologically for all the 
microgrooved surfaces in this study.  
 
3.3.4  Effect of Groove Geometry on Frost Properties in Frost/Refrost Cycles 
 
The structure of frost at the initial stage of frost formation can significantly influence the 
thickness and properties of frost at later stages. As observed and reported earlier in section 3.3.3, there are 
differences in the frost height between the frost layer forming on the surface of the grooves and pillar 
which can vary with the dimension of the grooves, especially at the initial stages of frost growth. For 
instance, there was a significant variation in the frost height between the frost growing on the top of the 
pillars and grooves, on microgrooved surfaces with an intermediate value of aspect ratio. This frost height 
difference at the initial stages was the minimum on the surface with the deepest grooves or very wide 
pillars as the grooves were completely filled in and the pillars were relatively empty on these surfaces, 
which suggests a more compact and dense frost structure. Similarly, due to the presence of a high number 
of grooves and the resultant spongy frost pattern, frost on the narrow-pillared surfaces has a coarse 
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structure and is suggestive of lower density. A systematic study to examine the effects of groove 
geometry on the thickness and density of frost layer for different substrate temperature and relative 
humidity conditions in single and multiple cycle frosting experiments has been undertaken. Study on the 
variation of frost thickness and density with the dimensions of the groove microstructure can provide 
useful information for designing microgrooved surfaces with desired properties to be used under frosting 
conditions. Thickness of the frost layer on a heat exchanger surface might cause reduction of the air-side 
heat transfer coefficient by the geometrical blockage and flow resistance to air and also by the insulation 
resistance of the frost layer. Density of frost can affect the thermal conductivity and hence thermal 
resistance of the frost layer and also the defrosting efficiency.  
The variation of the thickness and density of frost layer with groove depth and pillar width on 8 
microgrooved brass surfaces along with a flat brass sample (PBL) were investigated in single cycle 
frosting experiments up to 4 hours long under the same operating conditions (relative humidity =70%, 
plate temperature = -10oC and -18oC, air temperature = 22±2oC, natural convection). Four of these 
microgrooved samples had fixed groove depth and width (DG = 67 µm, WG = 130 µm) and variable pillar 
width (WP = 26 to187 µm), and four more samples had fixed groove and pillar width (WG = 130 µm, WP 
= 110 µm) while the groove depth varied from 27 to 122 µm. It should be mentioned here that the two 
plate temperatures (-10o and -18oC) correspond to the slow and fast substrate cooling rates, respectively, 
as defined in the section 3.3.3. The thickness of the frost layer on all the microgrooved surfaces was 
measured from the top of the pillar surface. The total volume of frost accumulated within the grooves, 
assuming the grooves were completely filled, was negligible compared to the total frost accumulation 
over the entire sample surface. The impact on the reported frost density and thickness values is within the 
reported experimental uncertainty. 
The variation of frost thickness on 4 microgrooved samples with different pillar width (fixed DG 
and WG) and that on the flat surface at two plate temperatures is shown in Figures 3.16(a)-(b). In both the 
cases, frost thickness was found to have a low value on the flat baseline surface. From Figures 3.16(a)-
(b), it can be seen that the thickness on the frost layer on the microgrooved surface with the largest pillar 
width (DG67WP187WG130) was significantly lower than the other microgrooved surfaces. It had very similar 
values of frost thickness as that on the flat baseline surface at a plate temperature of -10oC, but a slightly 
higher frost thickness at the lower plate temperature of -18oC. The microgrooved surface with the 
minimum pillar width (DG67WP26WG130) had the thickest frost layer at -10oC. The two surfaces with 
intermediate pillar width (DG67WP80WG130 and DG67WP110WG130) were found to have similar high values of 
frost thickness in both the operating conditions.   
Frost thickness as a function of time is plotted in Figures 3.17 (a)-(b) for the flat baseline and four 
microgrooved surfaces with varying groove depth (for fixed WP and WG) at the same two plate 
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temperatures. From Figures 3.17(a)-(b), it can be seen that the thickness of the frost layer on the deepest 
grooved sample (DG122WP110WG130) was lower than the other microgrooved surfaces. Thickness of frost 
layer on the flat baseline surface also had a comparatively low value in both operating conditions and had 
the thinnest frost layer among all the samples at the lower plate temperature. The value of frost thickness 
on the microgrooved sample with the shallowest grooves (DG27WP110WG130) had lower values of frost 
thickness at both plate temperatures than the same on the two other samples with intermediate groove 
depth (DG = 67 µm and = 98 µm). These two surfaces (DG67WP110WG130 and DG98WP110WG130) had the 
highest and similar values of frost thickness under these operating conditions.  
From the above discussion, we get further insight and understanding of the effect of variation of 
groove dimension on the frost structure. The results presented here and in section 3.3.3, clearly show that 
the variation in the groove depth and pillar width not only affects the initial stage of frost formation, 
rather the effects are clearly visible after four hours of frosting. The samples with intermediate groove 
depth and pillar width, on which brick-wall-like frost pattern was observed to form on the pillar top at the 
initial stage [Figures 3.11 and 3.12], were found to have higher values of frost thickness throughout the 
frost cycle of four hours. On the other hand, the condensed droplet filled in the grooves and the pillar tops 
were almost empty [Figures 3.10 (b) - (c) and 3.14 (b) –(c)] on the microgrooved surfaces with the widest 
pillar and deepest groove (DG67WP187WG130 and DG122WP110WG130, respectively), and it was found that the 
value of frost thickness on these surfaces was lower than the same on the other microgrooved samples. 
Similarly, frost layer on the surface of the shallowest grooved surface (DG27WP110WG130) had a structure 
similar to that on the flat baseline surface, and the frost thickness values on them were also very similar 
[Figure 3.9], especially at the plate temperature of -10oC (at the slow rate of substrate cooling). Frost 
thickness on the microgrooved surfaces with narrowest pillars width (DG60WP26WG130) and with 
intermediate groove depth and pillar width (DG67WP110WG130, DG98WP110WG130 and DG67WP80WG130) was 
highest among the microgrooved samples and was up to 30% higher than the same on the flat surface. On 
the other hand, frost thickness on the microgrooved surface with the deepest groove (DG122WP110WG130) 
was always within 10% of the flat baseline value. Another important thing to note is that the increase in 
the frost thickness exhibited by few microgrooved samples over the flat baseline surface was significantly 
less after a frosting period of about 120 min (within 5-15% of the flat baseline value).  
The variation of frost density on the same flat baseline and eight microgrooved brass surfaces 
under the same operating conditions (natural convection, plate temperature of -18oC, air temperature of 
22±2oC and relative humidity of 70%) was also investigated for four hours long single cycle frosting 
experiments. The density of the frost layer was found to be significantly affected by the variation in both 
groove depth and pillar width [Figures 3.18(a) - (b)]. Density of the frost layer was found to be 
consistently higher on surfaces with the deepest grooves and widest pillars (samples DG122WP110WG130 and 
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DG67WP187 WG130, respectively) compared to the other microgrooved surfaces. It is important to note here 
that the condensation and early frost formation pattern on these surfaces showed a similar pattern as the 
condensed droplets rolled off the pillar top to fill in the groove surface [Figures 3.10 (b) - (c) and 3.14 (b) 
–(c)]. Frost thickness on these two samples was also found to be smaller than that on other microgrooved 
surfaces. Density of the frost layer on the flat baseline surface was usually found to be higher than the 
microgrooved surfaces under the same operating condition [Figures 3.18(a) - (b)]. The compact and 
closely spaced droplet distribution in the initial stages of frost formation on the flat baseline surface 
observed earlier [Figure 3.9 (d)] indicated a denser frost layer on them. Microgrooved samples with 
intermediate groove depth and pillar width (for example, samples DG67WP110WG130, DG98WP110WG130 and 
DG67WP80WG130), which exhibited brick-wall-like frost pattern on the pillar tops and higher values of frost 
thickness, had lower value of frost density [Figures 3.11 and 3.12]. 
The reduction in the measured density of the frost layer on three microgrooved surfaces from that 
on the flat baseline surface is shown in Figure 3.19. The frost density on microgrooved surfaces with the 
deepest grooves (DG = 122 µm) and widest pillars (WP = 187 µm) was within 10% and 15%, respectively, 
of the flat baseline value. For the deepest grooved sample, this reduction was actually about 5% most of 
the time. Frost density on the microgrooved surface with the narrowest pillars (WP = 26 µm), on the other 
hand, was about 15-25% lower than the same on the flat surface. This is, once again, was in good 
agreement with our observation. It was predicted before from the visualization study that the loose and 
spongy frost layer on the microgrooved surface DG67WP26WG130  is suggestive of a light frost structure and 
a higher frost thickness, while the frost structure looked more compact and denser on the flat surface. The 
difference in the frost density on these microgrooved surface from that on the flat surface was also found 
to decrease with the length of the frosting cycle and became relatively constant after about 150 min.   
At the end of a defrost process, part of the frost melt water is retained on the surface, which 
freezes in the following frost cycle. This initial layer of frost can affect the frost structure and properties 
in the refrost cycles. An experimental study was conducted on microgrooved and flat brass surfaces to 
examine the effects of the variation of the microgroove dimensions and frost melt water retention on the 
cyclical frost growth and on frost properties in continuous frost/refrost cycles. This was done for the same 
8 microgrooved samples and 1 flat brass samples that were used in the single-frost cycle experiments, but 
now for frosting experiments with 4 frost/defrost cycles. The importance of this study lies in the fact that 
in practical applications, the equipment operating under frosting conditions is often subjected to repeated 
frost/defrost cycles.  
Frost was grown on the sample inside the environmentally controlled plexiglass chamber [Figures 
3.1(a) & (b)] at a plate temperature of -18oC, air temperature of ≈ 20oC, relative humidity of 70%±3%, 
and up to 4 frost/defrost cycles. Frost growth cycles were 2 hours long with each frost cycle being 
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followed by a self-defrosting process. Defrost was terminated after the plate temperature reached a value 
of about 5oC (the defrosting period was about 12 minute). 
From the study of frost growth in a single cycle frosting cycle, it was seen that the variation of the 
groove depth and pillar width affects the frost structure and properties of the frost layer considerably. It 
was also seen that this is not only true in the initial stage of frost formation, the differences are clearly 
visible even after a frosting period of four hours. Frost on the flat brass surface, in general, exhibited a 
lower value of thickness and higher value of density compared to the microgrooved surfaces under the 
same conditions. For the samples of this study, microgrooved surfaces with the deepest grooves and/or 
widest pillars were found to have similar patterns at the early stages of frost formation and had values of 
frost thickness and density comparable to those on the flat surface.  
In the present study, observations were made regarding the thickness and density variation of the 
frost layer in cyclical frost growth. It was found that both the thickness and density of the frost layer is 
significantly affected by the dimension of the microgrooves, even in the refrost cycles. In general, frost 
thickness in the refrost cycles was higher compared to the 1st frost cycle on all the microgrooved samples. 
However, on the flat surface, frost thickness had a slightly lower value in the refrost cycles compared to 
the frost thickness in the 1st cycle. In a similar way, the variation in the shape, size and distribution of the 
condensed and frozen droplets at the early stage of frost formation with groove depth and pillar width was 
found to play an important role on the frost density on these surfaces. Density of the frost layer on all the 
samples was always higher in the refrost cycles than in the 1st frost cycle. In addition, the frost thickness 
and density values as a function of time on all the samples were found to become periodic and repeatable 
from/after the 3rd frost cycle.  
The highest thickness of the frost layer in all the frost cycles was obtained for the microgrooved 
surface with the narrowest pillars (DG68WP26WG130), for which the frost structure was found to be fluffy 
and least dense. Under the experimental operating conditions of this study, thickness and density of frost 
layer were found to be the minimum and maximum, respectively, on the flat surface PBL among all the 
samples in all four frost cycles. The compact structure of the frost layer that forms on the flat surface can 
be reasoned to this behavior. Among the microgrooved samples, the frost layer on the surface with the 
deepest grooves (DG122WP110WG130) was found to have the highest density and the lowest thickness. The 
frost layer on the surface with the widest pillars (DG68WP187WG130) was also found to have high and low 
values of density and thickness, respectively, which was in good agreement with the result obtained in the 
single frost cycle experiments [Figures 3.16 and 3.18]. 
The variation of the frost thickness in the refrost cycles from that in the 1st frost cycle on the flat 
and the microgrooved samples followed different trends. Frost thickness on the flat surface was slightly 
lower in the refrost cycles compared to the thickness of the frost layer in the 1st frost cycle. However, for 
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the microgrooved surfaces, thickness of the frost layer in the refrost cycles was usually higher than in the 
1st cycle. The variation of frost thickness on the flat surface and one microgrooved sample DG68WP26WG130 
in all four frosting cycles is shown in Figures 3.20(a) & (b). The frost thickness in the refrost cycles was 
always about 5-10% lower than that in the first cycle on the flat baseline surface. Frost thickness on the 
microgrooved surfaces, on the other hand, was about 5-10% higher in the refrost cycles than in the first 
frost cycle. Frost thickness on this microgrooved sample DG68WP26WG130 which had the thickest frost layer 
among all samples, was found to be consistently 20-30% higher than that on the flat baseline surface. 
Frost thickness on sample DG122WP110WG130, which had the thinnest frost layer among the microgrooved 
surfaces, was within 10-15% of the frost thickness value on the flat surface under the same condition. 
Frost thickness on all other surfaces fell in between these values. Frost thickness was found to become 
periodic and have similar values in the 3rd and 4th frost cycles, which can also be seen from Figure 3.20. 
The variation of frost density with time in all four frost cycles is shown for the flat sample PBL 
and one microgrooved surface DG68WP187WG130 in Figure 3.21. It can be seen from the Figures 3.21 (a) & 
(b) that the frost density was higher in all the refrost cycles compared in the 1st frost cycle. That the frost 
density had very similar values in the 3rd and 4th frost cycles can also be seen from Figure 3.21. Frost 
density on all the samples in the refrost cycles was about 5-20% higher than in 1st frost cycle. The amount 
of increase in the frost density in the refrost cycles over the 1st frost cycle for the microgrooved sample 
DG122WP110WG130 is shown in Figure 3.22.  
The variation of frost density in the 1st and 4th frost cycles for the flat baseline surface PBL and 
microgrooved surface with the deepest grooves (DG122WP110WG130), which had the highest frost density 
among all the microgrooves samples, and sample DG68WP26WG130, which had the smallest pillar width and 
the lowest frost density among all the microgrooves samples is shown in Figures 3.23(a) & (b), 
respectively. The frost density values on both the samples were very similar in the 1st cycle. However, the 
frost density was higher on the flat surface in the 4th cycle, which was also the case in the 2nd and 3rd cycle 
(not shown here). The difference in the frost density on the sample having the densest frost (PBL) and 
that on the sample with the least dense frost (DG68WP26WG130) was about 15-35%.  This decrease in the 
frost density on the microgrooved sample DG68WP26WG130 over the frost density on flat sample PBL as a 
function of time for all four frost cycles is shown in Figure 3.24. The difference in the density of the frost 
forming on the flat surface and the microgrooved sample with the maximum frost density 
DG122WP110WG130, however, was always within 10%.  
Microgrooved surfaces with deeper grooves and wider pillars, in general, were found to have 
lower frost thickness and higher frost density. A comparison of the frost density in two frost cycles (1st 
and 4th) on microgrooved surfaces with the widest and narrowest pillars (DG68WP187WG130 and 
DG68WP26WG130, respectively) is shown in Figure 3.25(a). Frost density on the samples with the deepest 
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and shallowest microgrooves (DG122WP110WG130 and DG27WP110WG130, respectively) in the same two frost 
cycles is compared in Figure 3.25(b). It can be seen from Figures 3.25(a) & (b) that the frost density in 
both the frost cycles was higher on the microgrooved surfaces with deeper grooves and/or wider pillars. 
The differences in the frost densities on these samples were even higher in the refrost cycles. The frost 
density on the samples DG68WP187WG130 and DG122WP110WG130 was about 5-10% higher in the 1st frost 
cycle and was up to 20% higher in the refrost cycles compared to the frost density on samples 
DG68WP26WG130 and DG27WP110WG130, respectively 
From this work, it was found that incorporating microgrooves on a flat surface might result in an 
increase in the frost thickness or a decrease in the density of the frost layer, as shown in multiple 
frost/refrost cycles. Differences in the density and thickness of the frost layer on different microgrooved 
surfaces with a variation in the groove depth and pillar width were observed in all the frost cycles. This 
finding shows that these surface features influence the frost structure and growth even when frost is 
forming on them over a thin layer of retained frost melt water in the refrost cycles. The density of frost 
layer increased by about 5-20% in the different refrost cycles compared to the frost density in the 1st frost 
cycle for all the surfaces. However, frost thickness was found to increase by about 5-10% on the 
microgrooved samples, while it was found to decrease by the same amount on the flat surface in the 
refrost cycles. All these variations of frost properties became periodic and repeatable from/after the 3rd 
frost cycle.  
The possible relationship of the frost melt water drainage characteristics with the variation of 
frost properties in the refrost cycles on different microgrooved surfaces will be discussed in detail in 
Chapter 4. 
 
3.4 Conclusions 
 
A number of studies could be found in the open literature on the microscopic visualization of 
frost formation pattern on surfaces with different wetting properties. However, the effect of dimensional 
variation of microgroove geometry on the condensation process, and consequently on the early and 
mature stages of frost formation has been rarely studied. Study of this behavior is important as such study 
might enable us to better understand the effects of the groove dimension on the frost structure. Study on 
the variation of frost thickness and density with the dimensions of the groove microstructure can provide 
useful information for designing microgrooved surfaces with desired properties to be used under frosting 
conditions. In the present study, condensation and frost formation on microgrooved and flat brass surfaces 
have been investigated experimentally for a wide range of operating conditions. The microgrooved brass 
surfaces were fabricated by topographic modification of the substrate only. Following the condensation of 
90 
 
water vapor, frost was grown on a number of microgrooved and flat brass samples having a wide range of 
groove dimensions under a range of substrate temperature, cooling rate, air temperature, relative humidity 
and convection conditions in an environmentally controlled chamber. The effects of variation of the 
microgroove dimensions and frost melt water retention on the frost structure and growth and on the frost 
properties in single and continuous frost/refrost cycles were investigated in detail. The findings of this 
study give us useful information about the dependence of frost properties on the dimensions of the 
microgrooves, the knowledge of which can be used in designing microgrooved surfaces with desired frost 
properties. The possible relationship of the water drainage enhancement from the microgrooved surfaces 
with the variation of frost properties due to the change in groove dimensions will be discussed in the next 
chapter.  
The important conclusions of this study are summarized below: 
 
1. Formation of first condensed water droplets was found to occur at the same time on both 
microgrooved and flat brass surfaces without any observable delay. However, the size, shape and 
distribution and growth pattern of the condensed water droplets were found to vary considerably 
between the two surfaces.  
 
2. With increasing condensation, water droplet on the microgrooved surfaces assumed an elongated 
shape along the grooves/ pillars due to the pinning of droplets by the groove/pillar edges. The 
bridging of the condensed water droplets between adjacent grooves and pillars was found to be 
dependent on the cooling rate and dimension of the groove geometry. 
 
3. Frost structure on the microgrooved surfaces during the early stages of frost formation, with frost 
growing on the pillars leaving parallel empty dark lines on the grooves between them, gave a 
parallel ‘brick-wall-like’ frosting pattern. Frost crystals on the microgrooved surfaces exhibited 
more directional growth parallel to the surface, with numerous ice-flakes growing in the 
perpendicular and angular directions to the grooves. However, the differences in the frost pattern 
and structure became less distinguishable after a long frosting period (>90 min). 
 
4. The size, shape and distribution density of the condensed and frozen droplets were found to be 
considerably affected by the groove geometry i.e. change in the groove depth and pillar width. 
 
5. Depending on the rate of cooling of the substrate, relative humidity, and variation of the groove 
geometry, the condensed droplets, which predominantly form on top of the pillar surfaces, either 
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merge with the droplets on the grooves and fill the grooves completely, or bridge with droplets on 
the adjacent pillars and grooves, or freeze on the top of the pillars.  
 
6. The condensation pattern described by Narhe and Beysens (2006) in a previous study for silicon 
surfaces with parallel microgrooves was found to be only partially followed in this study. The 
four stages of droplet evolution reported by them were observed not to occur chronologically for 
all the microgrooved surfaces. 
 
7. The results obtained showed that the variation in the groove depth and pillar width not only 
affected the initial stage of frost formation, rather the effects are clearly visible in frosting cycles 
as long as four hours.  
 
8. Frost layer on the flat baseline surfaces, in general, exhibited a lower value of thickness and 
higher value of density than the microgrooved surfaces under the same condition. Microgrooved 
brass surfaces with the deepest grooves and widest pillars within the sample space were found to 
have similar condensation/frost patterns and had values of frost thickness and density higher than 
all the microgrooved samples and comparable to those on the flat surface. 
 
9. The difference in the density and thickness of the frost layer on different microgrooved surfaces 
with a variation in the groove depth and pillar width was observed in continuous frost/refrost 
cycles. This highlights the fact that these surface micro-textures influence the frost structure and 
growth even when frost is forming on them over a thin layer of retained frost melt water in the 
refrost cycles. 
 
10. Density of the frost layer increased by about 5-20% in the refrost cycles than in the 1st frost cycle 
for all the surfaces. However, frost thickness was found to increase by about 5-10% on the 
microgrooved samples, while it was found to decrease by the same amount on the flat surface in 
the refrost cycles. 
 
11. The variations of the frost properties were found to be repeatable and periodic in behavior 
from/after 3rd frost cycle. 
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3.5 Figures and Tables 
 
      
Figure 3.1 a) Schematic diagram of the experimental apparatus used for frost/defrost experiments, which 
comprises of a rectangular test chamber mounted on a support. Samples were mounted on a 
thermoelectric cooler and the sample-cooler assembly was suspended freely from an overhead precision 
balance to facilitate frost mass measurement, as can also be seen from b) 3D schematic of the apparatus. 
 
 
 
 
 
 
 
 
 
 
 
b) a) 
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Figure 3.2 Images showing the different stages of the frost thickness measurement process employed in 
this study; a) Image of the frost layer taken from side of the sample, b) thresholded binary image and c) 
generated frost layer outline. The frost layer thickness is calculated by generating an outline of the frost 
layer and calculating the number of pixels within the frost layer of the binary image. 
 
 
 
                 
Figure 3.3 Three dimensional images of the surface of the frost layer on microgrooved sample 
DG68WP26WG130, after a frosting period of a) 90 min, and b) 120 min (plate temperature = -18oC, relative 
humidity = 60%, air temperature = 20oC, free convection).  
 
 
 
a) b) c) 
a) b) 
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                                     (a)                                     (b) 
    
(c)                                     (d) 
Figure 3.4 Growth, coalescence and merging of water droplets on the flat and microgrooved brass surface 
with increasing condensation, under natural convection condition, at a) 8 min b) 12 min c) 17 min and d) 
17.30 min (just before freezing). A remarkable difference in the shape, size and distribution of water 
droplets on these two surfaces can be observed from these images. 
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(a) (b) 
          
(a) (b) 
Figure 3.5 Images show the growth of condensed droplet on microgrooved surface DG67WP187WG130. 
Droplets on the groove surface grew in size with time, and then merged together to form long water 
droplets, as can be seen from (a) and (b). 
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 (a)                                                (b)                           (c)      
 
     
              (d)             (e)                                                (f) 
                                                           
            
                                                         (g)                                                  (h) 
Figure 3.6 Frost formation pattern on the microgrooved and flat brass surfaces at different intervals of the 
frosting experiment. The difference in the frost formation pattern and structure on the two surfaces can be 
observed from these images recorded at a) 48 min (immediately after freezing) b) 55 min c) 68 min d) 95 
min e) 130 min f) 160 min g) 190 min h) 215 min. Frost was grown at a plate temperature of -8oC and 
relative humidity of 30%.  
97 
 
 
     
                  (a)                                  (b)                                (c)                                (d) 
 
           
      (e)                                  (f)                                  (g)                                  (h)       
Figure 3.7 Images comparing the difference in frost structure on microgrooved (right half) and plain brass 
surfaces (left half) at a relative humidity of 80% and plate temperature of -250C under forced convection 
condition. The images are taken at different time intervals of a) 23 min b) 35 min c) 45 min d) 60 min, e) 
60 min (frost on the microgrooved portion only) f) 90 min g) 100 min (image recorded without the 
microscopic lens) h) 160 min (microgrooved surface only). Frost structure after a longer period of frosting 
shows slightly less distinguishable features between plain and microgrooved brass surfaces, as can be 
seen from the images 3.8(f) - (h).  
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(a)                                        (b) 
Figure 3.8 Merging of the condensed droplets occurred frequently on the microgrooved surfaces with low 
aspect ratio at the slow substrate cooling rate (freezing time of 36±3 min), as can be seen on surfaces with 
an aspect ratio of a) 0.21 and b) 0.28, after a test period of 30 min. 
 
        
(a)          (b) 
           
(c)                                                       (d) 
Figure 3.9 The initial frost formation pattern on microgrooved surfaces with low aspect ratio of a) 0.21 
and b) 0.31 at the slow rate of substrate cooling. Bridging of the droplets were more common on these 
surfaces, as can be seen on a microgrooved surface with an aspect ratio of c) 0.28,  and closely resembled 
the same on a d) flat baseline surface 
   1 mm 
    1 mm 
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                         (a)                                                  (b)                                                        (c) 
Figure 3.10 Initial frosting pattern on microgrooved surfaces with an aspect ratio of a) 0.75 and b) 0.94 at 
the slow rate of substrate cooling. Filling of the groove surface by the condensed water droplets in the 
form of water columns can be seen on the microgrooved surface with an aspect ratio of c) 0.94. 
 
 
 
 
 
 
      
           (a)                                               (b)        
Figure 3.11 Brick-wall-like frost pattern on the top of the pillars at the slow substrate cooling rate on the 
microgrooved surfaces with aspect ratios of a) of 0.52 and b) 0.56 
 
 
 
 
   1 mm 
    1 mm 
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           (a)                                         (b)                                        (c) 
 
       
(d)                    (e) 
Figure 3.12 Earlier frost formation on microgrooved surfaces with aspect ratios of a) 0.21, b) 0.52, c) 0.56 
and d) 0.94, for a fast cooling rate (freezing time of 14±3 min) had a brick-wall-like frost pattern. 
However, droplets from the pillar top intruded into and filled in the groove surface at a slightly lower 
cooling rate (freezing time of about 18 min) for the sample with aspect ratio of e) 0.94. 
 
 
 
 
 
 
 
 
 
 
 
 
   1 mm 
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                                (a)                                                  (b)                                          (c) 
Figure 3.13 Early frost patterns on surfaces with pillar width of a) 26 µm, b) 80 µm and c) 84 µm, when 
the samples were cooled at the slow rate of substrate cooling.  
 
 
 
 
 
 
          
                               (a)                                               (b)                                             (c) 
Figure 3.14 a) Condensation (at 27 min) and b) early frosting pattern flat on the sample with the 
maximum pillar width (187 µm) at the slow substrate cooling rate. The grooves were filled and the 
surface of the frost layer was flat, as can be seen in c).  
 
 
 
 
 
 
 
    1 mm 
   1 mm 
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(a)                                     (b)                                          (c) 
Figure 3.15 For the fast substrate cooling rate, frozen droplets formed on both groove and pillar surfaces 
on samples with a pillar width of a) 45 µm, while b) brick-wall-like frost pattern can be seen on the 
surface with wide pillars (187 µm). For a slightly lower cooling rate (freezing time of ≈ 22 min), grooves 
were filled in on the surface with pillar width of c) 187 µm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    1 mm 
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Figure 3.16 Comparison of frost thickness on one flat and four microgrooved surfaces with variable pillar 
width during single cycle frosting experiments at a plate temperature of a) -10o C and b) -18o C. The 
groove width and depth were fixed for these samples (WG = 130 µm, DG = 67 µm). 
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     (b) 
Figure 3.17 Comparison of frost thickness on one flat and four microgrooved surfaces with variable 
groove depth at a plate temperature of a) -10o C and b) -18o C. The groove width and pillar width were 
fixed for these samples (WG = 130 µm, WP = 110 µm). 
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Figure 3.18 Density of frost layer on microgrooved surfaces are compared to that on the flat baseline 
surface for a) samples with a fixed groove and pillar width (WG =130 µm, WP = 110 µm) and b) samples 
having fixed groove depth and width (DG = 67 µm, WG = 130 µm). Frost density was found be higher on 
the flat baseline surface and on surfaces with the deepest groove and widest pillars. 
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Figure 3.19 Reduction in the frost density on three microgrooved surface from that on the flat surface 
under the same conditions: frost density on the microgrooved surfaces with the deepest grooves (DG = 
122 µm) was lower but within 10% of that on the flat surface, while that on the microgrooved surface 
with the narrowest pillars (WP = 26 µm) was about 15-25% lower than the same on the flat surface.   
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Figure 3.20 The variation of the thickness of frost layer as a function time in for frost cycles on a) the flat 
baseline, PBL and b) microgrooved surface DG67WP26WG130, the surface with the smallest pillar width 
shows opposite trend. Thickness of the frost layer is lower in the refrost cycles on PBL, while the frost 
thickness is higher than that in the 1st frosting cycle on the sample DG67WP26WG130. Frost thickness in the 
3rd and 4th frost cycles had very similar values.  
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Figure 3.21 The variation of the density of frost layer is shown as a function of time for 4 frost cycles on 
a) the flat baseline surface, PBL and b) microgrooved surface with widest pillars (DG67WP187WG130). The 
frost density was higher in the refrost cycles compared to the same in the 1st frost cycle and the density 
variation was repeatable after 2/3 frost cycles.  
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Figure 3.22 Increase of the density of the frost layer in the refrost cycles over the 1st frost cycle on all the 
samples ranged within 5-20%.  This difference of frost density in the refrost cycles from that in the 1st 
frost cycle is shown here for sample DG122WP110WG130. 
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Figure 3.23 The density of frost layer on a) the flat baseline surface, PBL and microgrooved surface 
DG122WP110WG130 (which had the deepest microgrooves and the maximum value of frost density among the 
microgrooved samples), and b) the flat baseline surface, PBL and microgrooved surface DG67WP26WG130 
(which had the narrowest pillars and the minimum value of frost density among the microgrooved 
samples) in the 1st and 4th frost cycles is compared. Frost density on the flat surface was higher in the 
refrost cycles compared to that on both the microgrooved surface. 
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Figure 3.24 Decrease of frost density on the microgrooved sample with the least dense frost layer 
(DG67WP26WG130) over the frost density on the flat surface PBL is compared for all the frost cycles. We 
can see that frost density on this microgrooved sample is about 15-35% lower that on the flat surface and 
the values more closely agree in the 3rd and 4th frost cycles.  
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Figure 3.25 A comparison of the density of the frost layer on a) microgrooved surfaces with the widest 
and narrowest pillars (DG67WP187WG130 and DG67WP26WG130) and b) microgrooved surfaces with the deepest 
and shallowest grooves (DG122WP110WG130 and DG27WP110WG130) in our sample space reveals that the frost 
density in all times was higher on the microgrooved samples with deep grooves and/or wide pillars.   
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CHAPTER 4 
 
DRAINAGE CHARACTERISTICS OF FROST MELT WATER ON 
MICROGROOVED SURFACES 
  
4.1 Introduction 
 
Considerable effort has been directed at minimizing the penalties associated with the frosting and 
defrosting processes. Although the literature is replete with studies on the possible delay of frost 
formation on hydrophobic or superhydrophobic surfaces, studies on the effects of surface wettability on 
the drainage of frost melt water are rare. Defrosting is the process of supplying heat to the frosted surface 
to melt the frost, which involves both energy and operational cost in a thermal system. The retention of 
frost melt water is important because the retained water refreezes in the next frost cycle, resulting in a 
greater frost thickness and requiring an early defrosting. Therefore, effective management of the frost 
melt water at the end of the defrosting process is important for system efficiency.  
The present study was focused on examining the effects of microgrooves, fabricated without any 
chemical modification of metallic brass surfaces, on the frost melt water retention characteristics during 
the defrosting process. An extensive study on the frost melt water retention characteristics was conducted 
for a large sample space of brass material, and for different plate temperatures, defrost methods, and 
convection conditions. The effect of the variation in groove geometry, i.e., groove depth and pillar width, 
on the drainage of frost melt water is examined. The contributing factors behind the manifested improved 
melt water drainage from the microgrooved surfaces were investigated. In order to verify the 
effectiveness of the microgrooved surfaces in drainage of frost melt water in continuous frost/defrost 
operation, experiments were conducted for multiple frost/defrost cycles. The effects of the formation 
pattern, structure and properties of the frost layer on the defrosting and melt water drainage behavior were 
analyzed. Both qualitative and quantitative studies of the spatial and temporal distribution of retained 
frost melt water on the grooved and flat brass surfaces were carried out by means of thermal imaging.  
 
4.2 Experimental Methods 
 
In order to examine the frost melt water drainage characteristics of brass microgrooved surfaces 
and to compare the same on the flat baseline surfaces, frosting/defrosting experiments were conducted in 
the same environmentally controlled plexiglass chamber, described in section 3.2.1. A schematic of the 
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experimental apparatus is shown in Figure 3.1. Frost was grown on the sample under specific operating 
conditions and defrost was carried out after a certain length of the frosting cycle. Defrosting was 
conducted for three different defrost schemes – self-defrost (no heat was supplied to the substrate) and 
electric heating of the substrate where the samples were electrically heated in two different heating rates. 
The frost melt water drainage patterns on different surfaces during defrosting process were observed and 
studied by recording images via a high speed camera (Phantom v4.2, Vision Research). The air velocity 
was measured at various points inside the chamber using an anemometer (VelociCalc®, accuracy ±0.01 
m/s) and frost surface temperature was measured using an infrared camera (Mikron Midas, accuracy 
±20C) at regular intervals. Experiments were conducted under both natural and forced convection 
conditions, with air at room temperature (22±2oC) or at a temperature of ≈ -5 to -6o C, respectively.  The 
frosting experiments were carried out for different lengths of time (2-3 hours) and for single and multiple 
frost/defrost cycles.  
During the experiments, frosting cycle was continued for the specific time period and the final 
value of frost mass was measured from the overhead balance by direct mass measurement system. After 
which the thermo-electric cooler were switched off (or set to the desired defrosting energy input by 
reversing the polarity of the connection), and the cold air supply to the chamber was turned off in case of 
the forced convection condition. So defrosting and melting of the frost always took place in presence of 
surrounding air at room temperature. The defrost process was terminated when all the frost had melted 
and the plate temperature reached a value of about 5oC. The mass of the amount of melt water drained and 
retained on the surface was obtained from the direct mass measurement system. The amount of water 
drained from the sample during the defrosting process was also measured by collecting it on a filter paper 
and weighing it on another precision balance (Mettler AE1200, accuracy ±0.001 g). The weight of the 
sample at the end of the defrosting process was also measured by this second balance as a verification of 
the measurement values obtained from direct mass measurement. These different measurements showed 
excellent agreement and in most cases, the difference in the measured values by the two methods was less 
than 5%. 
 
4.3 Results and Discussion 
 
4.3.1  Frost Melt Water Drainage in Forced Convection Condition 
 
An extensive study of the frost melt water drainage characteristics on the microgrooved surfaces 
was carried out for a range operating conditions and the effect of groove geometry parameters in the 
drainage behavior was examined for microgrooved brass samples. These samples are the same as those 
115 
 
used in the study of contact angle anisotropy and liquid droplet mobility of placed water droplets and in 
the condensation and frost formation study, described in Chapters 2 and 3. Drainage of the frost melt 
water from these surfaces was examined and compared to that on the flat baseline surfaces for both forced 
and natural convection, with a variation in the plate temperature, air temperature, defrost methods, and 
number of frost/defrost cycles. For frosting under forced convection condition, the operating conditions 
were as follows: 
 
• Plate temperature: -25oC 
• Air temperature (during frosting):  (-5 to -6) oC 
• Air velocity: 0.3 to1.0 m/s (around the sample)  
• Relative humidity: 90±3% 
• Frosting test duration: 3 hours 
• Final defrost temperature: 5oC (about 8-15 min of defrost time) 
• Air temperature during defrosting: 20±2oC 
• Defrost method 
• Self-defrost (no external energy) 
            • Electric defrost: Heating the substrate by supplying electric energy (for two heating rates) 
 
Experiments were conducted on 7 microgrooved and 1 flat baseline brass surfaces for 3 different 
defrost schemes. The frost melt water retention data are summarized in Table 4.1. The data are presented 
in terms of the ‘frost melt water retention ratio’, which is the ratio of the mass of water retained on the 
sample after defrosting to the total mass of frost that was accumulated at the end of frosting period. The 
last three columns of Table 4.1 are showing the reduction in the frost melt water retention on 
microgrooved surfaces over the flat baseline surface in different defrosting conditions, expressed in a 
percentage form. 
From these results it can be seen that a significant reduction in the amount of frost melt water 
retained was obtained for all the microgrooved samples in all cases over the flat baseline surfaces under 
the same condition. The decrease in the frost melt water retention on the microgrooved surface ranged 
from a minimum of 5.6% to a maximum of 71% over the flat baselines. In general, better water drainage 
behavior was achieved for the two electrically heated defrost cases than when the defrosting was 
conducted without heating the substrate. The best performance, in terms of frost melt water drainage, was 
consistently obtained for sample DG67WP187WG130, the brass sample with the maximum pillar width or 
spacing between the grooves. Reduction in the frost melt water retention ratio over baseline was more 
than 50% in all cases for this sample. Microgrooved surface DG67WP110WG130, having the second largest 
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pillar width in the sample space tested was also found to exhibit very improved melt water drainage 
compared to the other surfaces.  
Several reasons are identified behind this significantly improved drainage of frost melt from 
different microgrooved surfaces and are analyzed in detail. The strikingly different nature and 
characteristics of drainage during defrost from the microgrooved surfaces was possibly the main 
contributor. In addition to that, wetting characteristics and frost property variation on the microgrooved 
samples probably also played a crucial role in the improved drainage of the frost melt. These factors are 
discussed in the next sections.  
The way the frost melt water drained from the flat and microgrooved surfaces during defrosting 
might also have a significant influence in the individual water retention behavior. The observed frost melt 
water drainage pattern on the microgrooved samples was very much different from that on the flat 
baselines surface. The melt water was found to drain along the grooves and pillars with the formation of a 
‘parallel stream’ on the grooved surfaces. Relatively large water droplets draining down with the stream 
were also found to have an elongated shape parallel to the groove direction. On the other hand, the 
draining of frost melt water on the flat surfaces took place with droplets of irregular shapes moving down 
the surface.  
The drainage pattern of the frost melt water on a grooved surface during the defrosting period is 
shown in Figure 4.1. The downward motion of the water in the image gives the impression of a number of 
water streams flowing downward along parallel vertical channels. The formation of this downward 
‘channel flow’ along the groove channels and pillars could have possibly enhanced the drainage of melt 
water from the microgrooved surfaces. 
A closer look of the shape, size and distribution of the melt water droplets on the two different 
kinds of surfaces would present this fact more clearly. The shape and distribution of the water drops 
during the defrosting process on the baseline and on a grooved surface is shown in Figures 4.2(a) - (c), 
respectively. It can be seen that shape and distribution of the water droplets on the baseline surface 
appears to be random without exhibiting any specific pattern. The water droplets on the micro-patterned 
surface, on the other hand, have an elongated shape in the vertical direction (along the grooves) and have 
the appearance of parallel streams going down as also was evident from Figure 4.2. 
The sliding of ice-water mixture (‘ice-slush’ sliding) was observed on surfaces with 
microgrooves, where long pieces of ice slid down along the groove before melting. This was observed 
experimentally, especially for frost layer forming on the surface of a groove between two pillars. After a 
certain period into the defrost process, the frost layers between the pillars were found to move down as 
long columns of ice along the grooves before melting, resulting in reduced frost melt water retention. This 
behavior of grooved surfaces might also have contributed to improved melt water drainage from them. 
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The ‘ice-slush’ sliding was observed more frequently on the microgrooved surfaces with wider pillar and 
deeper grooves. The possible reasons behind this behavior will be discussed in section 4.3.3.  
In order to identify the effect the groove geometry on the frost melt water retention 
characteristics, frosting/defrosting experiments were conducted on four samples with variable groove 
depth and on four samples with variable groove spacing (pillar width), keeping the other geometric 
parameters constant. Variation in the pillar width was found to have a significant impact on the melt water 
retention characteristics of the grooved surface. The results are shown in Figure 4.3.  For a fixed groove 
depth and width, the amount of frost melt water retained on the surface decreased consistently with an 
increase in the pillar width. For an increase in the pillar width from 26 µm to 187µm, frost melt water 
retention ratio decreased from 0.35 to less than 0.2 for the two electric defrost cases and from 0.25 to 
slightly over 0.1 for the self-defrost case. The melt water retention values in the case of self-defrost were 
lower because it took considerably longer time for the plate to reach the final defrosting temperature, so 
more water could drain, added with the possible evaporation of the water droplets from the surface. 
The improvement in the melt water drainage characteristics with increased pillar width becomes 
more evident when compared to that of the flat baseline. The reduction of water retained on the 
microgrooved samples in percentage form compared to the flat baseline is shown in Figure 4.4. As the 
groove spacing is increased from 26 µm to 187 µm, the water retained on the surface decreased from 
nearly 10% to more than 50% over the baseline for the self-defrost case and from 25-30% to as high as 
70% for the electric defrosting case. 
Four samples having fixed pillar and groove width but with a range of groove depth from 27 µm 
to 122 µm were also used to explore the effect of groove depth on the frost melt water retention behavior. 
It was found that although all these samples performed better than the flat baseline in terms of melt water 
drainage; the retention ratio did not change significantly with change in the groove depth (Figure 4.5). 
Especially for the electric defrost cases, the reduction in the amount frost melt water retention on different 
microgrooved surfaces over the flat baseline surfaces were comparable to each other.  The maximum 
reduction in water retention was obtained for a sample with a groove depth of 27 µm for electric defrost-
2, where it retained about 50% less water than the flat baseline surface. 
The improvement in melt water drainage with increasing pillar width or groove spacing can be 
reasoned to the decrease in the water retention by the burrs and machining marks on the groove and pillar 
surfaces. These machining marks on the surface were orthogonal to the direction of motion of frost melt 
water during draining, and tiny droplets of water were retained on them at the end of the defrosting 
period, as shown in Figures 4.6(a) and (b). This can qualitatively explain the better water drainage from 
the surfaces with higher pillar width. Lower pillar width means higher number of grooves and an increase 
in the surface roughness factor, r, where r is the coefficient in Wenzel’s equation and is defined as the 
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ratio of actual wetted area to the planar projection. The number of grooves on the sample surface 
decreased from about 300 to 140 and roughness factor r decreased from 1.86 to 1.42 (r values were 
calculated assuming flat groove bottom and straight side-walls of the pillars) for an increase in pillar 
width from 26 µm to 187 µm. Therefore, the number of tiny droplets retained on the machining marks on 
the grooves decreased with increasing pillar width, causing lower water retention. Similarly, for samples 
with fixed pillar width but varying groove height, the roughness factor decreased from 2.02 for 
DG122WP110WG130 to 1.23 for DG27WP110WG130 and the latter exhibited slightly better water drainage. Water 
retention ratio as a function of roughness factor is shown in Figure 4.7. From this figure it can be seen 
that an increase in surface roughness (by closely spaced or deeper grooves) above a value of 1.80 caused 
melt water retention to increase. 
The increase in surface area due to the presence of microgrooves ranged from about 10% to as 
much as 45% (calculated by assuming straight side-walls of the pillars and flat groove bottom). The 
increase in the surface area is higher for deeper and closely spaced grooves, both of which have been 
shown to exhibit lower critical sliding angle when the grooves were aligned in the direction of gravity and 
water droplets were placed on them (section 2.3.3). However, the droplets formed by the melting of frost 
showed entirely different drainage properties due to the obvious difference in the dynamics of the two 
processes. Melt water retention was found show a slight increase when the increase in the surface area 
was over 30% (Figure 4.8). The minimum amount of melt water was retained when the surface area was 
increased by less than 25% over the flat baseline. Further suggest as careful design of the surface 
roughness, rather than merely increasing the size of the microstructures or reducing the spacing between 
them. The surfaces should be designed in such a way to ensure the parallel channel-like flow and the 
sliding of ice-water mixture during frost melt drainage. An increase in the surface area that is too large 
retains more water droplets on the groove and pillar tops and also on the groove sidewalls by surface 
imperfections resulting from the manufacturing process. 
 
4.3.2  Frost Melt Water Drainage in Natural Convection Condition 
 
The drainage enhancement on microgrooved surfaces was observed and reported in section 4.3.1 
for a forced convection condition in single cycle frosting experiments (single frost cycle followed by a 
defrost process). The water retention characteristics of microgrooved surfaces was also examined and 
compared with flat surfaces in experiments having 2 frost/defrost cycles and under natural convection 
condition. These experiments were conducted on the eight microgrooved samples and two flat baseline 
surfaces (including the 7 microgrooved and 1 flat baseline samples used in the forced convection 
experiments) at a plate temperature of ≈-80C, relative humidity of 70%±3% and an air temperature of 
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20±20C. The frosting cycles were each 2 hours long, with a self-defrosting process of about 12 min in 
between. The mass of the frost formed during the two frosting cycles (Mt1 and Mt2), and the amount of 
frost melt water drained (Md) and retained at the end of the defrosting process were measured by using 
the direct mass measurement method described earlier. The frost mass and melt water drainage data ratio 
in the two frost/defrost cycles are shown in Table 4.2.  
The melt water drainage ratio (ratio of the mass of the frost melt water drained during defrosting 
to the total mass of the frost formed during the frosting period) on the microgrooved surfaces in the two 
cycles ranged from 0.76 to 0.91 under these experimental conditions. For the two flat surfaces, this ratio 
ranged between 0.78 and 0.84. For the microgroove surfaces, large water droplets or ‘lumps’ at the end of 
the defrosting period were usually found to be retained at the bottom of the samples. Droplets of frost 
melt water were found to be retained on different locations of the surface of the flat baseline sample.  
As has been observed for the case of forced convection condition, microgrooved surfaces with 
wider pillars and deeper grooves exhibited more enhancement of the water drainage compared to the flat 
surfaces. For the microgrooved sample DG67WP187WG130, which has the largest pillar width in this study, 
the melt water drainage ratio was 0.90 and 0.88, respectively, in the 1st and refrost cycles. On the other 
hand, the sample with the smallest pillar width (DG67WP26WG130) was found to hold more frost melt water 
in both the cycles (drainage ratio of 0.81 and 0.76, respectively) compared to all other surfaces, including 
the flat surface. Samples with shallow grooves also did not exhibit any enhancement of water drainage 
compared to the flat surface in both the cycles. It could also be noticed that the melt water drainage ratio 
for the microgrooved surfaces, in most cases, was slightly lower in the refrost cycle than the 1st frosting 
cycle. This might be due to the difference in the frost properties, as the frost structure in the refrost cycle 
was considerably different than that in the 1st cycle. Images of the frost structure on one microgrooved 
sample (DG98WP110WG130) and a flat surface (PBL), recorded after a frosting period of 30 min in the 1st 
frost and refrost cycle, reveal these differences in the frost structure, as shown in Figure 4.9. Frost 
growing on the thin layer of ice in the refrost cycle (by the freezing of the retained frost melt water) had a 
denser structure with more closely spaced frost crystals. Moreover, the differences in the frost structure 
between the microgrooved and flat surfaces were less distinguishable in the refrost cycle compared to the 
1st frost cycle, as can be seen from the images of Figure 4.9. 
The frost mass ratio (ratio of the mass of frost formed on the surface during the refrost and 1st 
frost cycle, Mt2/Mt1) was found to be high for surfaces with shallower grooves and/or samples with very 
narrow pillars as the water drainage ratio values were smaller for these surfaces. Samples with 
intermediate to high values of groove depth and pillar width in the sample space of this study were found 
to be the more efficient in terms of melt water drainage and had the lowest frost mass ratio. 
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4.3.3  Relationship of Frost Properties with Frost Melt Water Retention 
 
It has been shown in the present study, under different operating conditions, that incorporating 
microgrooves on a surface promote frost melt-water drainage. The largest improvement in melt-water 
drainage behavior was obtained for the microgrooved surfaces with wider pillars and/or deeper grooves. 
In the present study, it was also found that surfaces with similar dimensions of the microgroove geometry 
(for example on samples DG67WP187WG130, DG67WP110WG130 and DG122WP110WG130) have lower melt water 
retention. On two of these samples which exhibited most improved water drainage (samples 
DG67WP187WG130 and DG122WP110WG130), the frost structure and droplet distribution at the early stages of 
frost formation was very similar (section 3.3.3). Condensed droplets were found to fill in the grooves of 
these samples, while the top of the pillar remaining relatively empty. The frost growing on them had a 
compact structure and as a result, frost density on them was found to be higher among all the 
microgrooved samples, in frost cycles as long as 4 hours (section 3.3.4). The frost structure in the 1st frost 
cycle on one of these samples having the maximum pillar width (DG67WP187WG130) is shown and 
compared to the same on another microgrooved sample with a smaller pillar width (sample 
DG67WP80WG130) in Figure 4.10(a) .The frost structure on the deepest grooved sample (DG122WP110WG130) is 
shown and compared to that on another sample with shallower grooves (DG67WP77WG130) in Figure 
4.10(b). From the images of Figure 4.10, recorded at time intervals of 23 and 37 min (plate temperature ≈ 
-8oC, air temperature ≈ 20±2oC, 70% RH), it can be seen that frost structure on the surfaces with the 
deepest grooves and widest pillars were more compact with filled in grooves and had lower frost 
thickness. The density of the frost layer on these surfaces, as a result, was found to be higher than all 
other microgrooved surfaces, which was also discussed in section 3.3.4.  
 The process through which frost melts and drains from a surface is not very well-defined, and it is 
a complicated process to analyze. The dynamics is difficult to capture because it involves several inter-
related processes and factors. During defrosting, a part of the frost layer on a surface can break up and 
slide off the surface without completely melting. This has been observed in this study and is termed as 
“ice-slush sliding”. A portion of the frost melt water can be absorbed in the un-melted frost layer. A 
significant portion of the frost melt water is drained from the surface, a portion of the frost melt water can 
be evaporated, and the remaining water is retained on the surface at the end of defrosting. 
 The defrost method can significantly influence how the frost layer melts and then drains off from 
the surface. In the present study, melting of the frost took place due to the effect of air-defrost as well as 
to the electric or self-heating of the substrate. During the defrost process, both under natural and forced 
convection conditions, the frost layer melted in the presence of air at room temperature. The process by 
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which the frost layer melts for the cases of the electric heating of the substrate and air-defrost is shown 
schematically in Figure 4.11.  
 Sanders (1974) proposed two models for the possible methods in which the frost melts on a 
surface when the substrate is heated. In the case of moving frost boundary assumption, the frost layer in 
contact with the substrate melts during defrosting and the frost melt water is absorbed in the un-melted 
frost layer. The frost boundary moves towards the substrate, thus the frost layer facing the substrate is 
always in contact with it [Figure 4.12(a)]. This model of frost melting or defrost gives the minimum 
defrost time and maximum defrost efficiency.  
 In the other model, as the frost layer melts by the defrost heat, the melt water is absorbed in the 
un-melted frost layer, but the frost boundary does not move towards the substrate. As a result, there is an 
air gap between the frost layer and the substrate [Figure 4.12(b)]. Since the air gap has a poor thermal 
conductivity, this model gives the minimum defrost efficiency and maximum defrost time.  
 A different model for the melting of frost layer during the defrost process was given by Sherif 
and Hertz (1998).  According to this model, the frost boundary moves towards the substrate as the frost 
melts. However, in this case, the melt water is not absorbed in the frost layer; rather it drains immediately 
off the surface [Figure 4.12(c)]. 
 The variation of frost structure and property with the dimensions of microgrooves is postulated to 
have an important effect on the retention of frost melt-water on these surfaces. Sliding down of ‘ice-
slush’, i.e. ice formed on the surface of the grooves between two pillars, was observed to occur most 
consistently on the microgrooved surfaces having the deepest grooves and widest pillars during the 
defrosting period (section 4.3.1), which was identified to be one of the major contributing factors to the 
improved drainage behavior exhibited by these samples. Thus, the difference in the early frost formation 
patterns and their consequent effect on the frost density might have an influence on this ‘ice-slush’ sliding 
mechanism. 
 In the present study, the melting of the frost layer was both due to the ‘hot air defrost’ and heating 
of the substrates, because during the defrosting process, the frost layer always melted in the presence of 
air at room temperature (20±2oC) and also the substrate was heated from behind [Figure 4.13]. So during 
the defrost process, the frost layer melted from the top as well as from the bottom, as shown in Figure 
4.13.  However, for the frost layer growing on the surface of the groove in between two pillars, the frost 
layer also melted from the side in contact with the sidewall of the pillars. It is postulated that the higher 
density of the frost layer forming on these surfaces caused the frost to melt early and the frost layer 
between the pillars slid off the surface before completely melting during the defrosting process, resulting 
in reduced frost melt-water retention. The density of the frost layer might also influence the thermal 
conductivity of the frost layer, causing the defrost heat to melt the frost more quickly on these surfaces. 
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However, the precise role that the variation of frost structure at the early stage and frost properties plays 
in the melt-water drainage is not yet clearly understood. 
Now the question is: how this enhancement in frost melt water drainage obtained for the surfaces 
with parallel microgrooves is going to affect the thermo-hydraulic performance of the heat exchangers use 
in real refrigeration and air-conditioning applications?  
The impact of defrosting process on different kinds of refrigeration and air-conditioning 
applications is not fully understood yet and is difficult to quantify. There are very few studies to clearly 
illustrate the impact of defrosting heat loads and defrosting efficiency to develop sufficient design tools 
for the designers (Niederer 1976, Stoecker et al. 1983, Coley 1983, Al-Mutawa 1997, Aljuwayhel 2006). 
The defrosting process should be sufficiently long to melt frost and drain water, but too long defrost 
period will have adverse effects on system performance due to the additional energy expenditure. A 
longer defrosting process or very frequent defrosting increases the defrost energy use and increases the 
frosting penalties both due to parasitic heat load and loss of cooling capacity. The geometry of the heat 
exchangers can play an important role in the drainage of water from them.  
For evaporator operating under frosting conditions, usually it is the blockage of air flow, rather 
than the thermal insulation due to frost layer, that dominates the degradation of performance. Moallelm et 
al. (2012) have reported that for microchannel heat exchangers operating under frosting conditions, 
factors other than the frost thickness at the leading edge, such as porosity of the frost layer, can 
significantly affect the air side pressure drop and flow blockage. They found that for the same frost 
thickness at the leading edge, a smaller pressure drop is obtained for more porous frost due to the 
microscopic openings in the frost. The microgrooved surfaces, which are found to have a fluffy frost layer 
on them, therefore, might result in a lower pressure drop or counter-balance the detrimental effects of 
higher frost thickness on them. They reported the frost growth rate to be a function of the frost melt water 
retention. Although the effect of water retention on the frosting cycle time was not as significant as the 
effect of surface temperature (an order of magnitude lower), large amount of water retention on the 
surface was found to decrease the frosting cycle time by about 20%  at a fixed surface temperature.  
Although they did not quantify it, Jhee et al. (2002) concluded that the reduction in the retention 
of frost melt water on the hydrophilic and hydrophobic coated aluminum heat exchangers over the bare 
one can greatly affect the flow resistance in the refrost cycles and can result in further enhancement of 
working performance of the heat exchanger. The draining water ratio on the hydrophobic coated surface 
was about 15% higher compared to the same on the bare and hydrophilic coated heat exchangers. This 
enhancement was due to the fact that the hydrophobic heat exchanger drains melting water with frost 
compared to the pure frost melt water on bare and hydrophilic coated heat exchangers, which was also the 
case for the microgrooved surfaces (‘ice-slush sliding’) as observed in this study. However, in spite of the 
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improved frost melt water drainage, they found that the average air-side heat transfer coefficient during 
frosting is not affected by the surface coatings, which was also found in other studies (Zhang and Hrnjak 
2009, 2010).   
In another study (Hrnjak et al. 2012), it was found that for louvered-fin heat exchangers the 
removal of frost melt water is important because retention of water on the surface of the fins can change 
the louver directed into a duct directed flow and can cause airflow blockage. Moreover, it can take away 
the heat transfer enhancement provided by the louvers. It was found that the heat exchanger with the 
largest louver angle had the most improved performance in the fully repetitive refrost cycles as it drained 
frost melt water more efficiently and had higher overall heat transfer coefficient, lower pressure drop, and 
longest frosting cycle (operational) time. 
Very recently, Sommerse et al. (2012) examined the performance of two prototype heat 
exchangers (evaporator to be used in air conditioning application) having microgrooved aluminum fins 
with an alkyl-silane coating under wet operating conditions. They reported a reduction of about 27% in 
the condensate retention and a decrease of about 30-35% in the air-side core pressure drop of the 
prototype heat exchangers over the baseline heat exchanger. Based on their findings, they concluded that 
the use of heat exchangers with microgrooved fins can result in at least two potential improvements or 
savings over plain fins, which were a) a reduction in the air-side pressure drop under wet operating 
conditions, and (b) a reduction in the apparent latent load on the coil because of lower retention of water 
on the coils. They also suggested that the full promise of this advancement can be understood by 
examining their potential in the refrigeration systems under frosting conditions.  
Therefore, it can be understood that significant savings and improvement in the thermo-hydraulic 
performance can be achieved by incorporating parallel microgrooves on the surface of the fin stock of 
evaporators operating under frosting conditions. Cost and manufacturing reasons play significant roles in 
the design of heat exchangers. As an effort to reduce the space occupied, the size of heat exchangers is 
being reduced in many applications, which has resulted in increasingly complex geometries and in 
compact heat exchangers. For example, use of integrated, microgroove-shaped drainage channels on the 
tube surfaces is considered to be a potential solution for condensate management in the compact heat 
exchangers. A maximum reduction of about 27% in the condensate retention for compact louver-fin heat 
exchangers with microgrooved drainage channels over the plain baseline was reported (Gupta 2010). It 
was suggested from a numerical analysis that heat transfer can be improved by 12% while pressure drop 
is reduced by 9% by using these drainage channels.  
Different methods, such as micro-embossing, casting, roll-forming have been developed for 
fabricating microstructures on metal surfaces for both simple and complex shapes (Cannon and King 
2010), which can used to impart these surface features on the fin stocks. As the earlier studies have 
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suggested, the potential savings can be obtained from a significant reduction of the pressure drop, 
improvement in the refrigeration cycle time and avoidance of frequent defrosting, reduction in the 
apparent latent heat load of the evaporator coils, and higher overall heat transfer coefficient.  
 
4.3.4  Distribution of Retained Frost Melt Water 
 
The spatial and temporal distribution of frost melt water, retained on a surface after defrosting, 
can serve as a useful source of information for designing heat transfer surfaces with efficient frost melt 
water management. In this study, an attempt to characterize the frost melt water retention pattern on the 
microgrooved and flat brass surfaces by the method of thermal imaging is demonstrated.  
Images of the sample surfaces were recorded at regular intervals during the defrosting period by 
an infrared camera (Mikron Midas, accuracy ±20C). The images were then numerically analyzed to obtain 
the spatial and temporal distribution of the frost melt water on these surfaces. The emissivity used for the 
surfaces was 0.3-0.5, which is the recommended emissivity for thermal imaging of the burnished and 
oxidized brass surfaces. A series of thermal images on a flat baseline and one microgrooved sample 
(DG122WP110WG130), at 4 different time periods, recorded during the defrosting process after a frosting 
cycle of 3 hours, are shown in Figures 4.14 and 4.15. Defrosting was carried out by supplying electric 
energy at a fixed rate for heating the substrate. 
From the experimental observation and the by analysing the color pattern of these IR images, the 
frost melt water on the surfaces was classified to be retained as one or more of the following three ‘forms’ 
during different stages of defrosting – a) lump (large droplets) of water b) thick layer and/or as a c) thin 
film of water. At the later stages of defrosting, some parts of the surface started to get dry and this dry 
fraction of the surface increased as defrosting process was continued. These various forms of retained 
frost melt water had different colours (or range of colours) on the IR image due to the difference in their 
temperatures, which could be easily distinguished and the knowledge of the spatial distribution and 
relative amount of the different forms of retained frost melt water could be gathered. Various forms of the 
retained frost melt water classified above are labelled in Figure 4.14. 
From Figures 4.14 and 4.15, it can be seen that during the length of the defrosting process, large 
droplets (‘lump’) of water were retained mostly at the bottom of the sample surface, while a ‘thick layer’ 
of water was retained on some parts of the surface along with a very ‘thin water film’ on some other parts. 
As time progressed, more frost melt water drained and the percentage of the ‘thick water layer’ retained 
on the surface started to reduce, with the ‘thick layer’ turning into ‘thin melt water film’. The larger 
‘lump’ of retained frost melt water at the bottom was usually found to remain on the surface during the 
whole length of the defrosting process. With increasing time, both drainage of water and evaporation 
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from the ‘thin melt water film’ occurred and the surface started to have few dry patches [Figure 4.14(d) 
and Figure 4.15(d)].  
A comparison of the Figures 4.14 and 4.15 enables us to qualitatively analyse the differences in 
the water retention pattern on the flat baseline and the microgrooved surfaces. Both the spatial and 
temporal distributions of frost melt water on the grooved surface were entirely different from those on the 
flat surface. The flat baseline had more ‘lumps’ or large droplets of frost melt water during the initial 
stages of the defrosting process than the microgrooved surface [Figure 4.14 (a)-(b) and Figure 4.15 (a)]. 
These droplets covered nearly the entire bottom-half of the sample till the 8th minute of defrosting. The 
flat baseline also retained more ‘thick layer’ form of frost melt water during most of the defrosting period. 
The grooved surface, on the other hand, had more ‘thin film’ of melt water retained on the surface, with 
small patches of ‘thick layer’ and ‘lump’ forms of frost melt water. This qualitative comparison thus also 
indicates the lower frost melt water retention potential of the grooved surface at the end of defrosting 
period than the flat baseline. At later stages of the defrosting period, both the grooved and flat baseline 
surfaces exhibited small fraction of the surface which became dry [Figure 4.14 (d) and Figure 4.15(d)]. 
These different forms of retained frost melt water and the dry portion of the surface were also 
quantified and the relative amount of each form of retained frost melt water was determined from the 
thermal images. It was done numerically by converting the images into 256 bit grey scale images and then 
calculating the total number of pixels of each color, which is associated with a certain temperature. So by 
deciding on the range of temperatures from the temperature palette for each form of the retained frost 
melt water, the total number of pixels associated with that range was determined. The result of this 
numerical analysis is shown in Figures 4.16 (a)-(c) for one flat baseline and two microgrooved samples, 
sample DG122WP110WG130 DG36WP110WG130, respectively.  
In Figure 4.16, the relative amount of each form of retained frost melt water is expressed in a 
percentage form of the total amount of melt water retained. The four columns in each plot refer to the 
same four time stamps of 6, 8, 10 and 12 min during the defrosting period. From Figures 4.16 (a)-(c), it 
can be seen that the relative amount of large melt water ‘lumps’ is more than 50% on the flat surface at 
the initial stage, where it was only about 6% for both the grooved surfaces and this amount remained 
constant throughout the defrosting period. The amount of these ‘lumps’ decreased with time on the flat 
baseline surface and is reduced down to 14% at 12 min. The retention of ‘thick water layer’ was also 
higher on the flat surface than on the sample DG122WP110WG130, but it was highest for sample 
DG36WP110WG130 at the initial stages. This amount gradually decreased on sample DG36WP110WG130 and had 
a value of 14% at 12 min. The amount of ‘thin melt water film’ was also different on these samples at 
different stages of defrosting, but both the microgrooved surfaces had nearly same amount (80%) of ‘thin 
film’ at the end of defrosting. Small patches of dry surfaces also appeared on the surfaces of the flat 
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baseline and sample DG122WP110WG130at the end of defrosting period, but no part of DG36WP110WG130 was 
observed to be dry. 
Thus, it is quite clear that this numerical analysis of the infrared images of a surface, undergoing 
defrosting process, can be a useful tool for developing a melt water retention model. In this study, the 
results that have been reported can serve as a basis for the future development in this direction.      
 
4.4 Conclusions 
 
Prior studies did not consider the effects of the microscale surface roughness, produced by 
topographic modification only, on the melt water drainage produced by defrosting or melting ice. The 
easier sliding of water droplets on the microgrooved surfaces, as reported in the literature, is suggestive of 
the possible reduction in the frost melt water retention on these surfaces. In the present work, a systematic 
study was carried out to examine the potential of enhanced frost melt water drainage from the 
microgrooved surfaces.  
Drainage of frost melt water from a number of microgrooved brass surfaces, fabricated by 
processes of micro end-milling was investigated in detail experimentally and compared to that of a flat 
baseline surface. While comparing the frost melt water management characteristics of the flat and 
microgrooved samples in single/multiple frost/defrost cycles, effects of different operating parameters 
(convection condition, air temperature, substrate temperature, relative humidity, defrost methods etc.) on 
the drainage performance were also investigated. The possible relationship of the frost melt water 
drainage enhancement from the microgrooved surfaces with the variation of frost properties due to the 
change in groove dimensions was examined. Different forms of the retained frost melt water were defined 
and their relative amount on the surface at different defrosting time was determined by numerically 
analysing the infrared images recorded during the defrosting process. Findings of this study is expected 
provide a more comprehensive idea of the possible effects of incorporating microgrooves on heat transfer 
surfaces operating under frosting/defrosting conditions.  
The important findings of this study are as follows:  
 
1. Significant improvement in frost melt water drainage was observed for all the microgrooved 
surfaces, and up to a 70% reduction in the frost melt water retention over that on the flat baseline 
surfaces was achieved. The microgrooved samples were also found to consistently exhibit lower 
frost melt water retention compared to flat surfaces at different plate temperature, relative 
humidity and convection conditions. 
 
127 
 
2. Variation in groove geometry and surface roughness were found to have significant effect on the 
frost melt water retention. Drainage is promoted by an increase in the groove spacing but is 
relatively insensitive to the changes in the groove depth. 
 
3. The drainage pattern of frost melt water on a microgrooved surface during defrosting was found 
to be different from that on the flat baseline and the observed ‘parallel channel-like flow’ of frost 
melt water and sliding of ice-water mixture along the grooves seemed to enhance the melt water 
drainage from microgrooved surfaces. 
 
4. On the microgrooved brass samples which exhibited most improved water drainage from them 
under different operating conditions, the frost structure and droplet distribution at the early stages 
of frost formation was very similar. The frost growing on them had a compact structure and as a 
result, frost density on them was found to be higher among all the microgrooved samples, in frost 
cycles as long as 4 hours.  
 
5. The difference in the early frost formation pattern and their consequent effect on the frost density 
might have had an influence on the ‘ice-slush’ sliding mechanism, which is thought to promote 
the water drainage. However, the precise role that the variation of frost structure at the early stage 
and frost properties plays in the melt water drainage is not clearly understood yet. 
 
6. Significant difference in the nature and distribution of retained frost melt water has been noted 
through experimental observation, which was distinguished through the use of infrared images 
and the knowledge of spatial distribution of retained melt water was gathered. This method of 
numerically analyzing of the infrared images of a surface, undergoing defrosting process, can be a 
useful tool for developing a frost melt water retention model. 
 
7. It was noticed that the melt water drainage ratio for the microgrooved surfaces, in most cases, was 
slightly lower in the refrost cycle than in the 1st frosting cycle. This might be due to the difference 
in the frost properties, as the frost structure in the refrost cycle was considerably different than 
that in the 1st cycle. 
 
8. The amount of melt water retention was the minimum when the increase in surface area due to 
the presence of microgrooves was less than 25% over the flat baseline. This suggests towards a 
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careful design of the surface roughness, rather than merely increasing the size of the 
microstructures or reducing the spacing between them. 
 
9. The consistently manifested improved frost melt water drainage behavior of the microgrooved 
samples for a wide range operating conditions is very encouraging as it hints towards the 
possibility of better frost melt water management from the microgrooved surfaces in various 
practical applications. 
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4.5 Figures and Tables 
 
Table 4.1 Frost melt water retention data for 7 microgrooved and 1 flat baseline brass surfaces in 3 
defrosting schemes 
 
a
 No test was conducted for these samples at electric defrost scheme-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Reduction in frost melt-water retention over flat baseline (%) 
Self-defrost Electric defrost-1 Electric defrost-2 
DG27WP110WG130 
DG67WP110WG130 
DG98WP110WG130 
DG122WP110WG130 
11.3 
34.1 
7.8 
5.6 
41.3 
42 
38.5 
37.8 
51.7 
47.6 
- 
a 
32.7 
DG67WP26WG130 
DG67WP80WG130 
DG67WP110WG130 
DG67WP187WG130 
6.8 
19 
34.1 
56.2 
29.6 
31.9 
42 
70.9 
23.7 
- 
a 
47.6 
58.7 
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Table 4.2 Frost mass and melt-water drainage data of 2 flat and 8 microgrooved brass samples used in the 
2 cycle frost/defrost experiments for examining the water retention behavior  
 
Sample 
Frost mass ratio 
(Mt2/Mt1) 
Frost melt-water drainage ratio 
(Md/Mt) 
1st cycle Refrost cycle 
PBL 1.23 0.78 0.84 
RBL 1.19 0.83 0.84 
DG27WP110WG130 1.19 0.82 0.85 
DG36WP110WG130 1.19 0.84 0.83 
DG67WP110WG130 1.12 0.91 0.90 
DG98WP110WG130 1.27 0.86 0.84 
DG122WP110WG130 1.14 0.90 0.87 
DG67WP26WG130 1.28 0.81 0.76 
DG67WP80WG130 1.12 0.91 0.87 
DG67WP187WG130 1.12 0.90 0.90 
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Figure 4.1 Drainage pattern of frost melt water from a microgrooved surface during defrosting. The frost 
melt water drains along the grooves, giving a parallel channel flow appearance. 
 
 
 
 
 
 
     
(a)   (b)                                                    (c) 
Figure 4.2 Images show the frost melt water drainage pattern on a) the flat baseline and b) microgrooved 
surface,  and c) on the same surface with microgrooved (right) and flat (left) portions. The droplets of 
frost melt water are more randomly shaped on the flat surface, while they are elongated in the vertical 
direction and drain along the channels on the grooved surface 
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Figure 4.3 Frost melt water retention on the microgrooved surfaces decreased with an increasing pillar 
width (groove spacing) for all the defrost schemes.  
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Figure 4.4 Reduction in the frost melt water retention was as high as 70% on the microgrooved surface 
over the flat baseline surface.  
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Figure 4.5 For fixed groove and pillar width, amount of frost melt water retained on the microgrooved 
surfaces was relatively insensitive with changes in the groove depth.  
 
 
 
 
        
(a)                                                                   (b) 
Figure 4.6 Images show the retention of tiny water droplets on the grooves and pillar surfaces at the end 
of the defrosting period. 
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Figure 4.7 Variation of frost melt water retention ratio with roughness factor, r shows an increase in the 
retention ratio with an increase in r.  
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Figure 4.8 Increase in the surface area due to the presence of microstructures does not necessarily 
improve the melt water retention characteristics of the microgrooved surface. 
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Figure 4.9 Frost structure in the a) 1st frost cycle and b) refrost cycle on microgrooved sample 
DG98WP110WG130 (left) and flat surface PBL (right). The images were recorded after a frosting period of 32 
min and under the same operating conditions (plate temperature ≈ -8oC, air temperature ≈ 20±2oC and 
relative humidity ≈ 70±3%). It can be seen that the frost in the refrost cycle, growing over a thin layer of 
frozen water retained on the surface at the end of the defrosting, is more compact and there is less gap 
among the frost crystals growing up.   
 
 
 
 
 
 
 
 
 
 
 
  a) 
  b) 
   2 mm 
136 
 
 
                      
(a)        (b) 
Figure 4.10 Frost structure on a) Samples DG67WP187WG130 (on the left of the white line) and 
DG67WP80WG130 (on the right) at 23 min, and b) Samples DG122WP110WG130 (on the left of the red line) and 
DG67WP77WG130 (on the right) at 37 min, placed side by side on a thermoelectric cooler under the same 
operating. Most of the condensed water droplets rolled off from the top of the pillars onto the grooves on 
sample DG68WP187WG130, whereas a higher portion of them were retained on the top of the pillars on 
sample DG67WP80WG130. As a result, the frozen droplets on the sample DG67WP80WG130 (right, a) have a 
brick-wall-like pattern on the pillar whereas that on sample DG67WP187WG130 (left, a) have filled in 
grooves.  
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(a)                                                                                   (b) 
Figure 4.11 Schematic representations of the different models of frost melting mechanism proposed by 
Sanders (1974) for a) moving frost boundary, and b) fixed frost boundary.  
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Figure 4.12 Schematic diagram showing frost melting mechanism model proposed by Sherif and Hertz 
(1998); frost melt water drains immediately from the surface and frost boundary moves towards the 
surface.   
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Figure 4.13 In the present study, frost layer melted both due to hot air (at room temperature) and heating 
of the substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hot air 
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                   (a)                                (b)                                      (c)                                   (d) 
Figure 4.14 Thermographic images of the flat baseline brass surface during different stages of defrosting 
process, at a) 6 min b) 8 min c) 10 min d) 12 min. Based on the color, different forms of retained frost melt-
water ware identified from these thermal images.  
 
 
 
 
    
                  (a)                                    (b)                                    (c)                                   (d) 
Figure 4.15 Thermographic images of a microgrooved brass surface taken at a) 6 min b) 8 min c) 10 min 
and at d) 12 min of the defrosting process. A comparison of images of Fig. 6 and Fig. 7 reveals the 
differences in the melt-water retention pattern between the microgrooved and flat brass surfaces.  
 
 
    Lump 
    Thin film     Dry surface 
    Thick layer 
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(a) 
 
   
(b)                                                                         (c) 
Figure 4.16 The relative amount of different forms of retained frost melt-water at different stages of 
defrosting period, on the a) flat baseline surface PBL, b) microgrooved sample DG122WP110WG130 and c) 
microgrooved sample DG27WP110WG130. These results are obtained from numerical quantification of the 
infrared images, recorded during the defrosting period.  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
  
5.1 Summary of Results 
 
The present study was aimed at examining the effects of microgrooved surface topography, 
fabricated without any chemical modification of brass surfaces, on the wettability and mobility of 
deposited water droplets and on the condensation and frost formation characteristics. This study also 
attempted to quantify the effects of the dimensional variation of microgroove geometry on the wettability, 
droplet sliding characteristics, and droplet morphology on these surfaces. A systematic study was 
undertaken to examine the potential of enhanced frost melt-water drainage from surfaces with periodic 
microgrooves. A deeper understanding is obtained through a detailed study of the frost property variation 
with microgrooved topographical texture under both single and multiple frost/refrost cycles. The 
relationship between frost structure, frost properties, and frost melt water drainage with groove 
dimensions is discussed, emphasizing the importance of the morphological features. 
 
5.1.1 Wetting Anisotropy and Droplet Mobility on Microgrooved Surfaces 
 
Through a systematic study on microgrooved brass surfaces, fabricated by a micro end-milling 
process, the effect of parallel, periodic microgroove geometry on the wettability, contact angle hysteresis 
and liquid sliding behavior was examined experimentally and compared to the same on flat surfaces. The 
substrates had groove depth in the range of 26 to 122 µm, groove width of 27 to 187 µm and were 
fabricated by using cutting tools 75- 125 µm in diameter. High values of static contact angle (SCA) and 
strong wetting anisotropy were observed on these microstructured surfaces, with contact angle as high as 
149o and 138o in the parallel and orthogonal of the grooves, respectively, for size of water droplets (~10 
µL) comparable to the dimensions of the microgrooves. Wetting anisotropy was observed on these 
microgroove surfaces due to the differential elongation of the water droplets on them in two different 
directions (along and across the grooves).  
For both very small and high groove depths and also for very small pillar width, water droplets 
were found be in a Wenzel wetting state, forming highly elongated droplets and manifesting very low 
contact angles (parallel to the grooves) and high contact angle hysteresis values. The wetting state and 
shape of deposited water droplets, anisotropy of the contact angle hysteresis, and liquid drainage 
characteristics of water droplets on the microgrooved surfaces were found to be strongly dependent on the 
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dimension and roughness texture of the groove geometry. Contact angle hysteresis exhibited a monotonic 
increase with groove spacing when the droplets were in Cassie mode due to the increased length of the 
three phase contact line with higher pillar width. Droplets of all volumes were found to slide much more 
readily on microgrooved surfaces than when placed on the flat baseline surfaces, and a significant 
reduction in the critical sliding angle of deposited water droplets was obtained for the microgrooved 
samples over the flat surfaces for a wide range of droplet volumes. The sliding angle manifested a 
significant groove geometry dependence and was found to increase with pillar width and decrease with 
groove depth.  
A guideline was proposed, based on the findings within the geometric space of this study, to 
design microgrooved surfaces to have an intermediate aspect ratio and pillar width for enhanced water 
drainage, as they exhibited lower contact angle hysteresis, negligible water footprint on the surface and 
were able to maintain a Cassie state for considerably large droplet size, thus minimizing the possibility of 
water retention on the surface. Findings of this study can be useful in designing microgrooved metal 
surfaces with desired wetting and liquid drainage property in a broad range of applications where water 
retention plays an important role, such as fin stock of heat exchangers.  
 
5.1.2 Effect of Groove Geometry on Condensation, Frost Formation, and Frost Properties 
 
A detailed study on the effect of microgroove topographical texture on the condensation and early 
frost formation patterns, and consequently on the variation of frost properties in single and/or multiple 
frost/refrost cycles was presented for brass surfaces. Nucleation of condensed water droplets was found to 
occur at the same time on both microgrooved and flat brass surfaces without any observable delay. 
However, the size, shape and distribution and growth pattern of the condensed water droplets were found 
to vary considerably between the two surfaces. Depending on the rate of cooling of the substrate, air 
relative humidity and variation of the groove geometry, the condensed droplets, which predominantly 
formed on top of the pillar surfaces, either merged with the droplets on the grooves and fill the grooves 
completely, or bridged with droplets on the adjacent pillars and grooves, or froze on the top of the pillars. 
Frost crystals on the microgrooved surfaces exhibited more directional growth parallel to the surface, with 
numerous ice-flakes growing in the perpendicular and angular directions to the grooves. 
The results obtained showed that a variation in the groove geometry not only affected the 
condensation and initial stages of frost formation, rather the effects were clearly visible during entire frost 
cycles up to four hours long. Frost layer on the flat baseline surfaces, in general, exhibited a lower value 
of thickness and higher value of density than the microgrooved surfaces under the same condition. 
Microgrooved brass surfaces with the deepest grooves and widest pillars within the sample space were 
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found to have similar condensation/frost patterns and had values of frost thickness and density higher than 
all the microgrooved samples and comparable to those on the flat surface. 
The effect of groove geometry on frost properties was also observed in continuous frost/refrost 
cycles, highlighting the fact that these surface micro-textures influence the frost structure and growth 
even when frost is forming on them over a thin layer of retained frost melt water in the refrost cycles. The 
variations of the frost properties were found to be repeatable and periodic in behavior from/after 3rd frost 
cycle. The findings of this study provide useful information about the dependence of frost properties on 
the dimensions of the microgrooves, the knowledge of which can be used in designing microgrooved 
surfaces with desired frost properties.  
 
5.1.3 Effect of Groove Geometry on Frost Melt Water Drainage 
 
An extensive study to examine the defrosting characteristics and potential of the microgrooved 
surfaces for improved frost melt water drainage was conducted for a large sample space of brass and for a 
range of operating conditions. The microgrooved surfaces, with the grooves aligned in the direction of 
gravity, were found to manifest a significant improvement in frost melt water drainage and a reduction in 
the melt water retention of up to 70% over that on the flat baseline surfaces was achieved. Microgrooved 
samples were found to consistently exhibit lower frost melt water retention compared to flat surfaces at 
different plate temperature, relative humidity and convection conditions. Drainage of the frost melt was 
influenced strongly by a variation in the groove geometry and drainage was found to be promoted by an 
increase in the pillar width but was relatively insensitive to the changes in the groove depth.  
The underlying physics and the possible contributing factors behind the manifested improved 
melt-water drainage from the microgrooved surfaces were investigated. The pattern of the drainage of 
frost melt-water from a microgrooved surface during defrosting was different from that on the flat 
surface. A ‘parallel channel-like flow’ of frost melt water and sliding of ‘ice-slush’ along the grooves as 
observed on the microgrooved surfaces is thought to enhance the melt water drainage from them. The 
difference in the early frost formation pattern with a variation in the microgroove dimension and their 
consequent effect on the frost density might have had an influence on the ‘ice-slush’ sliding mechanism. 
It is postulated that frost layer with higher density, forming between the pillars on microgrooved surfaces 
with deeper grooves and wider pillars, is more likely to slide down before melting during the defrosting 
process, resulting in reduced frost melt water retention. The microgrooved brass surfaces, which exhibited 
most improved water drainage from them under different operating conditions, also had very similar frost 
structure and droplet distribution at the early stages of frost formation. 
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Significant differences in the nature and distribution of retained frost melt water were 
experimentally observed, which was distinguished through the use of infrared images and the knowledge 
of spatial distribution of retained melt water was gathered. This method of numerically analysing of the 
infrared images of a surface, undergoing defrosting process, can be a useful tool for developing a frost 
melt water retention model. The results obtained in this study suggested that the surface microstructure 
should be designed carefully, rather than merely increasing the size of the microstructures or reducing the 
spacing between them. The improved frost melt water drainage manifested by the microgrooved samples 
is very encouraging for the possibility of minimizing frosting penalty in various practical applications. 
 
5.2 Recommendations for Future Work 
 
1. The potential of surfaces with parallel, periodic microgrooves in minimizing frosting penalties by 
draining more frost melt water during defrost process is demonstrated in this study. Now attempts 
should be focused on engineering these kinds of surfaces in a mass production level, to impart the 
surface features on heat exchanger fin stocks and in other applications. A well-designed study in a 
controlled environment on a system level will facilitate a clear evaluation of its potential and a 
room for further improvement.  
 
2. An analytical or numerical study to model or analyse the frost properties and melt water drainage 
on microgrooved surfaces will augment the understanding of the effects of the grooved 
microstructures, and this could be used in designing more efficient surfaces to minimize frosting 
penalties.  
 
3. Some preliminary results on the distribution of the frost melt water retention by the method of 
numerically analysing thermal images is presented in this study, which can serve as a basis for the 
development of a frost melt water retention model in the future.  
 
4. The precise role that the variation of frost structure and frost properties plays in the melt-water 
drainage is not yet clearly understood. A more detailed study might enable to correlate the 
changes in frost properties with the dimensional variation of groove geometry and their 
consequent effect on the frost melt water retention characteristics.  
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APPENDIX A 
WETTING AND FROST/DEFROST CHARACTERISTICS OF 
MICROGROOVED ALUMINUM AND COPPER SURFACES 
 
A.1 Introduction  
 
Effect of surface topography, in the form of microgrooves, on the condensation, frost formation 
and frost melt water drainage characteristics was also investigated for flat and microgrooved aluminum 
samples under a range of operating conditions. These microgrooved aluminum surfaces were fabricated 
by changing the surface topography only and no chemical modification of the surface was implemented. 
The microstructured samples were obtained from a previous work and were fabricated by a standard 
photolithographic technique described by Sommers and Jacobi (2006). The dimension of the 
microgrooves on the aluminum surfaces were almost an order of magnitude smaller than the same on the 
brass samples. A number of copper samples were also micropatterned in the present study and the 
wetting, condensation, and frost formation characteristics on these surfaces were investigated 
experimentally employing the same methods used for the brass and aluminum surfaces. The 
microgrooved copper samples were fabricated by a wet etching method and the patterns were imprinted 
by a photolithographic technique. Unlike the brass and aluminum samples, which had a fixed value of the 
groove geometry parameter on a single sample surface, the groove depth, width, and spacing of the 
microgrooved copper samples were varied in a cyclic manner on each sample. However, drainage 
characteristics of the frost melt-water were not examined for the copper samples. 
 
A.2 Experimental Methods  
 
A.2.1 Sample Fabrication Techniques 
 
Immersion chemical etching is a widely used method in the printed circuit board (PCB) industry 
(for small scale production), where commercial copper etchants such as ferric chloride, ammonium 
persulfate etc. are used to etch copper from the board for creating the conductive tracks or traces. This 
method of immersion wet etching was adopted for fabricating the microgrooved copper surfaces in this 
study, and two commercial immersion type copper etchants, APS-100 (15-20% Ammonium 
peroxydisulfateand 80-85% water by weight) and Transene 49-1, were used. Attempts to etch our surfaces 
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with ferric chloride solutions (i.e. Transene CE-100), which are more widely used etchants for copper 
imprinted circuit board applications, were unsuccessful. The ferric chloride etchants had a very high etch 
rate (25.4 µm/min at 400C for CE-100) and were found to be too aggressive, as it even washed away the 
photoresist applied and no pattern could be obtained. APS-100 and etchant 49-1 both, on the other hand, 
had lower etch rates of 80 Å/sec and 22 Å/sec respectively at 400C and did not attack the resist.  
The fabrication of the copper samples was carried out inside a class-100 cleanroom. A recipe was 
developed to transfer the pattern on the surfaces by using standard photolithographic technique. The 
copper samples were cut into 2 inch diameter, 2 mm thick round wafers. To ensure a smooth and even 
layer of the photoresist material (AZ 1518) on the sample surface by spin coating, the samples were 
polished highly in a lapping machine (Lapmaster®), and both oil-based  and water based diamond 
abrasive suspensions having different particle sizes (from 45 µm to as small as 0.25 µm particles) were 
used. Spin coating was followed by a soft baking at 1100 C (3 min), flood exposure to UV light with the 
photo-mask on (10 sec), developing the pattern on the surface by immersing in a developer (AZ 327, 90-
110 sec) and then hard baking for 10-20 min at a temperature of 1100 C. The prolonged hard baking time 
was required to prevent the wash-away of the resist during the immersion etching. The wet etching of the 
copper sample was achieved by immersing the sample in a solution of the copper etchant at a temperature 
of 40-600 C for 5.0-30.0 min, depending on the required dimension of the grooves. The rear and side 
surfaces of the sample were protected from etching by covering it by an electroplating tape. During 
etching, the sample was agitated slowly to increase the etch rate and to improve the definition of the 
etched pattern. After etching the sample for a specified period, the sample was taken out from the etchant 
bath and rinsed very carefully with heavy water spray (with occasional rinsing by a 5% HCL solution) to 
stop the etching process and then dried with N2 flow.  
Maintaining the dimensional accuracy and precision of the groove geometry was found to be a 
challenging issue by the wet etching method. Since this technique is used in the PCB applications for very 
small feature size, some difficulties were encountered in patterning the large scale grooves, the biggest of 
which was to maintain an evenness and uniformity of the groove dimension, especially for deeper 
grooves. The side walls and the bottom of the microgrooved surfaces did not have as smooth finish as 
compared to that of the microgrooved brass and aluminum surfaces which were fabricated by micro end-
milling and photolithography, respectively. Images of two microgrooved copper surfaces obtained from 
the optical profilometer are shown in Figure A.1. However, this method provides a well-established and 
straight-forward way of micro-patterning copper surfaces. 
Dimensions of the microgrooved copper samples were measured by using an optical profilometer 
(Veeco NT1000). The copper microgrooved samples were different from the brass and aluminum 
microgrooved samples in the sense that the periodic microgrooves in this case did not have the same 
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dimensions throughout the sample surface. The depth, width and spacing of the copper microgrooved 
samples were varied in a cyclic manner, having two different values over the entire sample. The varying 
dimensions and periodicity of the microgrooves can be seen from Figures A.1 (a) and (b). Contact angles 
were measured on different copper surfaces by sessile drop method inside a class-100 cleanroom facility. 
Details of the contact angle measurement method are given in section 2.2.3.  Static contact angles were 
measured both in the parallel and orthogonal directions of the grooves and for water droplet volume of 
about 10-15 µL. Topographic and contact angle data of the microgrooved and flat copper samples are 
reported in Table A.1. The two values of the groove geometry parameters represent the depth and width 
values of the two different sizes of grooves and pillars on the sample.   
The aluminum (aluminum alloy 1100, 99.9% pure aluminum) samples were obtained from the 
earlier work of Sommers and Jacobi (2006). The microgrooved aluminum surfaces were fabricated by 
photolithographic technique by subjecting the photo-patterned samples to plasma etching of a mixture of 
gaseous BCl3 and Cl2. Experiments on a total of three microgrooved and two flat aluminum surfaces 
under natural convection were carried out in the present study. The microgrooved aluminum surfaces had 
groove width of 26-33 µm, pillar width of 28-36 µm and groove height of 3-4 µm. The two flat baselines 
had different surface roughness values. Baseline-1 or the polished baseline had an average surface 
roughness (Ra) of ≈ 60 nm and baseline-2 or the unpolished baseline had a Ra value of ≈ 200 nm. The 
samples were 6.25 cm x 6.25 cm in size with a thickness of 4.75 mm. There were total of 8 holes on the 
two side surfaces 2.4 mm beneath the surface of the samples for inserting thermocouple probes.  
 
A.2.2 Experimental Procedure 
 
The same experimental apparatus and methodology used in the frost/defrost study of flat and 
microgrooved brass samples were also employed in this study. Frost was grown by mounting the samples 
on a thermoelectric cooler inside the environmental chamber (Figure 3.1) under closely controlled values 
of the operating parameters. For the aluminum samples, frost was grown for a frosting period of 45 min 
and for a range of substrate temperature (-8 to -18oC) and relative humidity (50-90%) conditions, which 
was followed by a self-defrost process. Defrost was terminated when all the frost has melted and the plate 
temperature reached a value of about 4-5oC. Condensation, frosting and defrosting patterns on the 
microgrooved and flat aluminum surfaces were closely studied by a high speed camera (Phantom v4.2). 
Experiments were conducted up to 5 frost/defrost cycles for aluminum samples. Characteristics of the 
condensation and frost formation and growth were studied on the flat and microgrooved copper samples 
for a plate temperature of -10oC, air temperature of 20oC and relative humidity of 50% under natural 
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convection condition. Nature of frost melt water drainage from the copper surfaces was not examined in 
this study. 
The microgrooved aluminum surfaces exhibited very high contact angles, especially when viewed 
from the orthogonal direction of the grooves and also showed strong wetting anisotropy. Static contact 
angle in the direction orthogonal to grooves was in the range of 147-149o, while that in the parallel 
direction was found to vary between 98 to 120o. This nearly superhydrophobic behavior was achieved 
solely by modifying the topographical features of the aluminum samples. The two flat baseline surfaces 
had static contact angle values of 75o and 51o, respectively. Contact angle hysteresis in the direction 
orthogonal to grooves was found to be 40o to 50o lower than the same on the flat baselines. Advancing 
and receding contact angles in the orthogonal direction were as high as 165o and 122o, respectively. The 
contact angle values, along with the dimensions of the topographical features, are shown in Table A.2. 
 
A.3 Results and Discussion 
 
A.3.1  Condensation and Frost Formation Patterns on Flat and Microgrooved Aluminum 
Surfaces  
 
Condensation and frost formation patterns on parallel microgrooved aluminum surfaces were 
investigated and compared to that of flat baseline surfaces. The parallel microscale topographical features 
on the aluminum samples were found to significantly affect the condensation and frosting pattern on these 
surfaces. A comparison of shape, size and distribution of the condensed and frozen water droplets on the 
flat and microgrooved aluminum surface, as shown in Figure A.2, revealed considerable differences 
between them.  
Water on the flat baseline surface started condensing as the temperature of the surface was 
lowered and dropwise condensation was found to occur. Very tiny condensed water droplets were found 
to form in a uniform manner everywhere on the surface [Figure A.2 (a)]. With increasing condensation, 
the droplets started to increase in size and in that process, also began to merge and coalesce with the 
neighboring droplets. The shape of the merged droplets and their distribution on the surface was very 
random, as can be seen from Figure A.2 (b).  The growth and merging of the droplets continued with time 
till the freezing of the droplets occurred.   
The size, shape and distribution of the condensed droplets were found to significantly affect the 
frost pattern on the surface. The frozen droplets had the similar randomness in size and distribution on the 
surface as the condensed droplets and can be seen from Figure A.2 (c). The frozen droplets were 
distributed in such a way that there was a small fraction of empty space between the adjacent drops. A 
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thin layer of frost was formed on this empty looking portion on the surface which was lower in thickness 
and just covered the solid surface. The frost crystals then started to grow on the frozen droplet as the 
frosting process was continued. Ice-flakes were observed to grow on the frozen droplets, especially from 
the top of the frozen droplets and mostly in the vertical direction, as can be seen from Figure A.2 (d).   
Condensation and frosting pattern on the microgrooved sample Al-1 is shown in Figure A.2 (e)-
(i), at different time intervals during the frosting cycle. Nucleation of condensed water droplets was found 
to occur on both the grooves and pillar surfaces and very small droplets were observed on these surfaces 
during the initial periods of condensation [Figure A.2 (e)]. However, the patterns of these condensed 
droplets on the microgrooved surface were strikingly different from those of the flat baseline surface. 
During this period, the small droplets grew in size as more water vapor was condensed on the surface and 
also through the process of merging and coalescence with adjacent droplets. Unlike on flat surface, 
droplets on the microgrooved surfaces were not of random and irregular shape, rather they assumed an 
elongated, parallel-sided shape in the direction of the grooves, as can be seen from Figure A.2 (f). Also 
the droplet density (number of droplets per unit surface area) on the microgrooved surfaces was 
significantly lower than that on the flat surface as a considerable portion of the surface was not covered 
by the condensed droplets. These small elongated droplets grew in size and merged together to form 
bigger droplets with sides parallel to and very elongated in the groove direction [Figure A.2 (g)]. Even at 
the later stage of condensation (just before freezing), it can be seen from Figure A.2 (g) that a significant 
portion of the microgrooved surface is not covered by the condensed droplets. 
 
A.3.2  Frost Melt-Water Drainage Characteristics of Flat and Microgrooved Aluminum 
Surfaces 
 
In order to examine the enhanced frost melt-water management potential of the microgrooved 
surfaces and to further examine the effects of different operating parameters (plate temperature, relative 
humidity, defrost type) on the drainage performance of these surfaces, flat and microgrooved aluminum 
surfaces were investigated under the same frosting/defrosting conditions. 
Drainage of the frost melt water on a total of three microgrooved and two flat aluminum surfaces 
was investigated by growing frost on these surfaces for 45 minutes in each cycle under natural convection 
conditions, and then weighing the amount of frost melt-water drained and retained after a self-defrost 
process. The study was conducted for 3 plate temperatures (-8, -13 and -18oC, but mostly for a plate 
temperature of -8oC), relative humidity in the range of 50% to 90%, air at room temperature (20±2oC), 
and for up to 5 frost/defrost/refrost cycles.  
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The microgrooved surfaces were found to be more effective in frost melt water management than 
the flat surfaces under the same condition, as they consistently drained more frost melt water compared to 
the flat baseline surfaces. Frost melt water retention ratio, which is defined as the ratio of the mass of frost 
melt water retained on the surface after the specified defrosting period to the mass of the total amount of 
frost that has accumulated on the surface at the end of a frosting cycle, was always lower for the 
microgrooved surface than for the flat baseline surfaces in all the experiments performed. Melt water 
retention ratio was always less than 0.5 for the microgrooved aluminum surfaces, while it varied from 
about 0.4 to as high as 0.88 for the flat baseline and was always higher than the same on microgrooved 
surface under the same condition. 
While comparing the frost melt-water management characteristics of the flat and microgrooved 
aluminum samples, effects of different operating parameters on the drainage performance were also 
investigated. These operating parameters, in many ways, determine the condensation and frost formation 
processes and therefore influence the frost structure and the frost properties afterwards. Two of the most 
important operating parameters affecting the frost formation process, relative humidity and plate 
temperature, were varied and their effects on the condensate retention characteristics were studied. 
The frost melt-water retention behavior of 3 microgrooved and 2 flat aluminum samples at 3 
different relative humidity conditions of 50, 70 and 90% and at a fixed plate temperature of -8oC in the 1st 
and 2nd frost cycles is shown in Figure A.3 (a) & (b). From these figures, it can be seen that the frost melt-
water retention ratio under all the relative humidity conditions was lower for the microgrooved surfaces 
than the same on flat surfaces. Drainage performance of the microgrooved samples, in both he frost 
cycles, was not affected significantly by the variation of the surrounding air humidity. Usually, 30% to 
45% of the frost melt was retained on the microgrooved samples after the specific defrosting period while 
more than 50% of the frost melt water was found to be retained by the flat surfaces. It can also be seen 
that the polished flat surface, baseline-1, performed better in terms of draining frost melt water than the 
unpolished baseline. In some cases, amount of frost melt water drained by the polished baseline was 
comparable to that by the microgrooved samples. Enhancement obtained in the frost melt water drainage 
from the microgrooved surface over the unpolished flat surfaces ranged from 9% to as high as 46%. No 
single microgrooved surface consistently exhibited better drainage characteristics, but in most of the cases 
sample Al-3 had the lowest amount of frost melt-water retained. 
The microgrooved samples were also found to consistently exhibit very small frost melt-water 
retention at different plate temperatures. Frost melt water retention ratio on microgrooved sample Al-1 for 
3 plate temperatures and at different relative humidity conditions is shown in Figure A.4. Sample Al-1 
retained as low as 18% of the total frost accumulated to a maximum amount of 42% after the defrosting 
period. A random variation in the condensate retention characteristics was observed with change in the 
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substrate temperature and there was no single substrate temperature at which the sample consistently 
exhibited the best drainage performance under all relative humidity conditions. 
When the orientation of the microgrooved surfaces was such that the direction of the grooves was 
orthogonal to the direction of gravity, the enhancement in the water drainage from these surfaces was no 
longer achieved. Experiments were conducted for one microgrooved surface (Al-1) at a fixed plate 
temperature (-80C) and 3 different relative humidity conditions, along with the 2 flat baseline surfaces. It 
was found that the amount of water retained on the microgrooved surface for the orthogonal orientation of 
the grooves with gravity direction was nearly the same as that on the flat surfaces under the same 
condition. This furthermore illustrates the importance of the parallel microgrooves in the direction of 
gravity for better water drainage.   
It is important to verify the frost melt water drainage performance for continuous 
frost/defrost/refrost cycles. In the present study, frost melt water retention characteristics of the 
microgrooved and flat aluminum samples was examined in frosting/defrosting experiments having up to 5 
cycles, at a plate temperature of -80C and relative humidity of 70%. The results are shown in Figure A.5. 
At the end of each defrosting period after each frosting cycle, amount of frost melt water retained on the 
surface was always higher for the flat aluminum surface than the microgrooved sample. Frost melt water 
retention ratio increased from around 50% after the 1st frost cycle to about 70 and 85% after the 5th cycle 
for the two flat baselines. The microgrooved surface, on the other hand, showed consistent frost melt 
water retention in all the cycles and it varied between 30- 40% for all 3 samples under the same condition. 
The reduction in the frost melt water retention was as high as 56% for the microgrooved sample in the 5th 
defrost cycle over the polished aluminum baseline.  
 
A.3.3 Wetting Behavior and Condensation/Frost Patterns on Copper Surfaces  
 
All the microgrooved copper surfaces exhibited very high static contact angles in the orthogonal 
directions of the grooves, the values being in the range of 134o to 153o. These values are quite high 
considering the fact that the change in the surface topography was brought about by modifying only the 
surface roughness by a widely used method in the electronic circuit industry. In spite of the cyclic 
variation in the groove dimension, contact angle values were consistent and the maximum uncertainty in 
the contact angle measurement was about ±4o. Wetting anisotropy was found to be higher on these 
surfaces compared to the same on the microgrooved brass and aluminum surfaces. Contact angle, when 
measured in the parallel direction of the grooves, was in the range of 75o to 111o and was always higher 
than the contact angle on the polished baseline surface. The maximum and minimum value of contact 
angle anisotropy was 69o and 34o, respectively. Contact angle on a polished baseline surface was about 
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70o. The shape of deposited water droplets on these microgrooved surfaces were significantly elongated 
along the grooves, resulting in a much lower contact when measured parallel to the grooves. Wetting state 
was Cassie in most of the cases. Top-down views of water droplets of same volume (25 µL) on four 
microgrooved copper surfaces are shown in Figure A.6.  
Condensation and frost formation on these microgrooved copper surfaces also manifested the 
similar distinctive patterns as were exhibited for the microgrooved brass and aluminum surfaces. These 
patterns are shown for microgrooved surface Cu-2 and the polished baseline surface under the same 
opertaing conditions at different stages of the condensation and frost formation processes (Figure A.7).  
Condensed droplets on the microgrooved surfaces were found to form, coalesce, and merge along the 
grooves and pillars and depending on the dimensions of the microgrooves, were found to cover multiple 
pillars and grooves. Since the depth of the grooves were small compared to the width of the grooves and 
pillars (aspect ratio in the range of 0.07 to 0.5), the distribution and size of the condensed and frozen 
water droplets were similar to that observed on the brass surfaces with shallow grooves [Figure A.7(a)- 
(c) and Figure 3.10]. Parallel channel-like frost structure on the surface of the microgrooved sample with 
dark, empty lines in between (due to difference in the frost height between frost forming on the pillars and 
grooves) can also be seen from [Figure A.7(d)]. Condensed and frozen droplets on the polished copper 
baseline sample had random shape and a bigger size compared to the same on the microgrooved surfaces 
under the same condition [Figure A.7(e) &(f)]. The cyclic variation in the dimension of the microgrooves 
was not found to have any considerable impact on the frost structure.  
 
A.4 Conclusions 
 
The important conclusions of this study are summarized below: 
 
12. Nucleation of the condensed droplets was found to occur on both microgrooved and flat 
aluminum and copper surfaces without any significant delay. As has been observed for the brass 
surfaces, morphology, distribution density and growth pattern of the condensed water droplets 
were considerably different on the microgrooved aluminum and copper surfaces from that on the 
flat surface.  
 
13. Highly anisotropic wetting behavior and very high contact angles were achieved for the 
microgrooved aluminum and copper surfaces, where the dimensions of the microgrooves had a 
very wide range.  
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14. The parallel microscale topographical features on aluminum surfaces, having almost 5-20 times 
smaller groove dimensions compared to the same for brass surfaces, were found to have a 
significantly lower portion of the surface covered by the condensed/frozen droplets compared to 
the flat aluminum surfaces. 
 
15. The cyclic variation of the dimension of the microgrooves (groove depth, width and pitch) on the 
copper samples was not found to have any considerable impact on the frost structure.  
 
16. The microgrooved aluminum samples were also found to consistently exhibit lower frost melt-
water retention compared to flat surfaces at different plate temperature, relative humidity and 
convection conditions. 
 
17. The frost melt water retention ratio (ratio of the mass of the frost melt water retained on the 
surface after a defrost to the total mass of the frost formed during the frosting period) increased 
from around 0.5 after the 1st frost/defrost cycle to about 0.7 to 0.8 after the 5th frost/defrost cycle 
for the two flat baseline surfaces. The microgrooved surfaces, on the other hand, showed 
consistent frost melt water retention in all the cycles and the ratio varied between 0.3-0.4 under 
the same condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
167 
 
A.5 Figures and Tables 
 
Table A.1 Contact angle and topographic data on microgrooved and flat copper baseline samples. 
 
 
 
 
 
 
 
 
 
 
 
Table A.2 Contact angle and topographic data of aluminum samples 
   
Sample 
Groove 
Width 
(µm) 
Groove Depth  
(µm) 
Pillar 
Width 
(µm) 
Static Contact Angle (o) Hysteresis, 
Parallel (o) Orthogonal Parallel 
Al-1 31±2.0 3.60±0.20 30±1.0 147.29 98.08 42.80 
Al-2 26±2.0 3.40±0.15 36±2.0 147.76 112.39 48.13 
Al-3 33±2.0 4.00±0.15 28±2.0 149.09 120.29 49.58 
Baseline-1  Ra ~ 60 nm  75.38 62.40 
Baseline-2  Ra ~ 200 nm  50.84 57.87 
 
   Sample Groove depth  (µm) 
Groove width 
(µm) 
Pillar width 
(µm) 
Static contact angle 
(o) 
Orthogonal Parallel 
Cu-1 14-18 200-495 86-135 152. 9 105.5 
Cu-2 19-25 207-250 38-52 148.0 96.3 
Cu-3 44-46 86-128 40-76 149.4 96.9 
Cu-4 16-18 95-103 65-110 148.5 91.8 
Cu-5 24-38 45-90 150-170 134.3 74.5 
Cu-6 25-40 100-175 70-150 145.9 79.3 
Cu-7 17-20 30-105 25-55 153.0 83.8 
Cu-8 3-7 33-40 60-75 145.5 110.9 
Cu-PBL  Polished baseline                70.1 
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(a) 
 
 
(b) 
Figure A.1 Images obtained from the optical profilometer of microgrooved copper samples a) Cu-2 and b) 
Cu-7 are showing the cyclic variation in the dimension of the microgroove geometry.  
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               (a)                                      (b)                                    (c)                                 (d) 
 
     
  (e)                           (f)                                (g)                               (h)                            (i) 
Figure A.2 Comparison of shape, size and distribution of the condensed and frozen water droplets on the 
flat and microgrooved aluminum surface reveals significant differences. This can be seen from the above 
images, taken at different time intervals under a plate temperature of -8oC, air temperature of 20oC and 70 
% RH on flat baseline surface (a)- (d) and on microgrooved surface (e)- (i).  
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(b) 
Figure A.3 Frost melt water retention ratio as a function of relative humidity for three microgrooved and 2 
flat aluminum surfaces at a plate temperature of -8oC in the a) 1st frost cycle and b) 2nd frost cycle.  
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Figure A.4 Variation of frost melt water retention ratio with different plate temperatures for microgrooved 
sample Al-1 at different relative humidity conditions in single frost cycle experiments.  
 
 
0 1 2 3 4 5 6
0.0
0.2
0.4
0.6
0.8
1.0
Fr
o
st
 
m
el
t w
at
e
r 
re
te
n
tio
n
 
ra
tio
 
(M
R
/M
T)
Frost cycle
Baseline-1
Baseline-2
 Al-1
 Al-2
 Al-3
 
Figure A.5 Frost melt water retention behavior of different samples at different frost cycles under the 
same operating conditions (plate temperature of -8oC, air temperature of 20oC and 70% RH) 
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(a)                                                                (b) 
 
           
  (c)                                                                 (d) 
Figure A.6 Top-down images of water droplet (25 µL) on microgrooved copper samples a) Cu-1, b) Cu-2, 
c) Cu-5, and d) Cu-6. The droplets exhibited a considerable wetting anisotropy and were noticeably 
elongated along the grooves, as can be seen from these images.  
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Figure A.7 Condensation and frost formation patterns on microgrooved sample Cu-2 at different time 
sequence of a) 10 min, b) 23 min, c) 33 min, and d) 40 min. Condensation and frost patterns on the 
polished baseline surface at e) 15 min, and f) 28 min was found to be very different from that on the 
microgrooved surfaces. All these images were recorded at the same operating conditions (plate 
temperature ≈ -10oC, air temperature ≈ 20oC, relative humidity= 50%, natural convection).  
a) 
d) c) 
b) 
f) e) 
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APPENDIX B 
EFFECT OF SURFACE ROUGHNESS AND DROP SHAPE ON THE 
MOBILITY OF WATER DROPLETS ON MICROGROOVED BRASS 
SURFACES 
B.1 Effect of Surface Roughness, r 
 
Wenzel’s surface roughness or roughness factor ‘r’ is another useful parameter in describing the 
wettability of a rough hydrophobic surface. In this work, r values were calculated assuming bottom of the 
grooves and side walls of the pillars to be straight and neglecting change in surface area due to the 
micromachining marks on the surface. The surface roughness r for the parallel microgrooved surfaces 
were calculated using the following relation (equation B.1): 
 
2*D P D
D P
G W G
r
G W
+ +
=
+
                                (B.1) 
 
The roughness factor had a pronounced influence on both the advancing and receding contact 
angles of droplets in Cassie state, when measured in the parallel direction of the grooves [Figure B.1(a)]. 
The advancing contact angle in the orthogonal direction, on the other hand, was found to be insensitive 
(within the experimental uncertainty) to the variation in the surface roughness, while receding contact 
angle increased slightly with an increasing r [Figure B.1(b)]. It is interesting to note that although the 
advancing and receding contact angles in parallel direction varied strongly and randomly with surface 
roughness, both of them exhibited very similar trend of variation, thus maintaining a nearly constant 
contact angle hysteresis. 
A comparison of the Figures 2.16 and B.1(a) reveals similar pattern of variation of the advancing 
and receding contact angles in the parallel direction, with changes in the solid fraction and Wenzel’s 
surface roughness. It suggests that the droplets along the grooves experience a similar magnitude of  
pinning during the wetting (advancing) and dewetting (receding) processes i.e. the surfaces which 
exhibited a higher (lower) advancing contact angle also had a higher (lower) receding contact angles. 
However, in the orthogonal direction, a slowly increasing receding contact angle and nearly unaffected 
advancing contact angle with an increasing surface roughness mean an overall reduction in the contact 
angle hysteresis at a higher surface roughness. These facts can be seen from Figure B.1(c), where the 
contact angle hysteresis is shown as a function of the surface roughness.  
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         These findings are quite different from the results of some earlier work (Bico et al. 1999, Dorrer 
and Rühe 2006, Yeh et al. 2008), who found surface roughness to be an unimportant parameter when the 
droplets are in a Cassie state. They also reported both the advancing and receding contact angles (and so 
the hysteresis) to be independent of the surface roughness (Yeh et al. 2008), or only the receding contact 
angle to vary with surface roughness while the advancing contact angle remains unaffected (Dorrer and 
Rühe 2006). Our results, however, are more in agreement with the findings of (Miwa et al. 2000), who 
reported a lower hysteresis with increasing height of the surface microstructures (higher surface 
roughness). 
The effects of surface roughness on the sliding behavior of water droplets from the microgrooved 
brass surfaces are also examined. The surface roughness values were calculated by assuming straight side 
walls of the pillars and the slight ripples in the structures caused by the machining marks could not be 
accounted for. The variation of critical sliding angle with Wenzel’s surface roughness at two droplet 
volumes for surfaces with fixed groove depth but different pillar width are shown in Figure B.2(a). With 
an increase in the surface roughness r, critical sliding angle was found to decrease for both the cases. The 
same trend could be observed from Figure B.2(b) for samples having fixed pillar width and different 
groove depth. So apparently, increasing the roughness of the surface in an arranged manner seems to help 
in the easier sliding of the droplets. However, it was found that there might be a threshold value of the 
surface roughness r value, above which the surfaces exhibit a Wenzel wetting state. And although the 
onset of sliding motion starts at a lower tilt angle, these surfaces do not exhibit the desired water drainage 
property. Water droplets from these surfaces were found to leave a water footprint on the surface upon 
sliding, as was discussed in Chapter 2.3.3.  Thus merely increasing the surface roughness value by 
incorporating deeper or closely spaced grooves might not be a good idea from surface design point of 
view for achieving efficient water drainage.  
 
B.2 Shape of Sliding Droplets 
 
The shape of the sliding water droplet can significantly affect the retentive force holding them on 
the surface and consequently the tilt angle needed to slide them off. Magnitude of the surface roughness 
was found to play an important role in determining the shape of the sliding water droplets on the 
microgrooved surface. It has been demonstrated in Chapter 2.3.3 that water droplets on microgrooved 
surfaces with the deepest grooves (DG122WP110WG130), and with the narrowest pillars (DG67WP26WG130) 
exhibited lower critical sliding angle although the wetting state was Wenzel on these surfaces. In this 
case, the advancing front of the droplets started to move forward with a very small tilt angle. This is 
because the droplets were highly elongated on these surfaces grooves and was found to slide more readily 
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from the surface as the almost parallel sided shape of the droplets along the groove reduced the retentive 
force. The surface tension force acting on the parallel sided were in the orthogonal direction to the 
gravity, thus not contributing to the overall retentive force.  
This elongation of the sliding droplets in the direction of gravity (along the grooves) is examined 
quantitatively by measuring the length and height of water droplets of different volume at the onset of 
sliding motion. This is done by recording the images of the sliding droplets by a high speed camera 
(Phantom v4.2) and then determining the point of incipient motion by analyzing the images frame by 
frame. The length and height of the droplets are measured from a known length scale using image 
analyzing software imageJ®.  Multiple measurements are taken for the same droplet size and the average 
value with the standard deviation is reported. 
The relative elongation of the droplets with groove depth is plotted for three different drop 
volumes in Figures B.3(a) & (b). From Figure B.3(a), it can be seen that the length of the sliding droplet 
increased with the depth of the grooves at all drop volumes. Also the aspect ratio of the sliding droplet, 
defined as the ratio of the length to the height of the sliding droplet, increased with increasing groove 
depth [Figure B.3(b)]. The elongation and distortion of the droplets on the sample surface with the 
deepest groove (DG122WP110WG130) were significantly higher and in general, increased with drop volume. 
The droplets in this case assumed very flat, long shape in the direction of sliding and were in a Wenzel 
state. Higher elongation of the droplets resulted in a smaller drop width and possible parallel-sidedness of 
the base contour, which was found to be conducive for sliding motion of the droplets. For the other 
microgrooved surfaces, the droplets were in a Cassie wetting state and aspect ratio of the sliding water 
droplets for all three sizes did not vary significantly. Thus the droplets on these surfaces maintained a 
similar shape at the onset of the sliding motion and the height of the droplets was almost half as the length 
of the droplet.  
Images of water droplets of same volume (35 µL) on four different microgrooved surfaces at the 
onset of sliding motion are shown in Figure B.4. A very elongated shape of the water droplet along the 
grooves can be seen on the surface of the sample with the deepest grooves (DG122WP110WG130) [Figure 
B.4(a)]. Similarly, significantly higher elongation of the Wenzel droplets on the surface of the narrowest 
pillars (DG67WP26WG130) is evident from Figure B.4(b). These droplets had a very low value of the 
advancing and receding contact angles at the onset of sliding motion, as can be seen from Figures B.4(a) 
and (b)]. The Cassie droplets on the surface of the samples DG36WP110WG130 and DG67WP187WG130, on the 
other hand, had very similar shapes and the length of the droplets in the direction of sliding was much 
smaller compared to the Wenzel droplets of the same volume [Figures B.4(c) and (d)].  Contact angles at 
the advancing and receding fronts had a higher value for these droplets. 
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B.3 Figures and Tables 
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(c) 
Figure B.1 Variation of dynamic contact angles, in both directions of the microgrooves, as a function of 
Wenzel’s surface roughness r (for surfaces exhibiting a Cassie wetting state). 
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        (b) 
Figure B.2 Critical sliding angle as a function of Wenzel’s surface roughness factor, r for samples with (a) 
fixed groove depth and (b) fixed pillar width for different size of water droplets.   
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(b) 
Figure B.3 Effects of the depth of the grooves on the shape of water droplets at the onset of sliding. The 
droplets had higher (a) elongation and (b) distortion on the sample with the deepest grooves 
(DG122WP110WG130). 
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(a)                                                                     (b) 
 
        
(c)                                                                        (b) 
Figure B.4 Images of water droplets (35 µL) at the onset of sliding on microgrooved surfaces (a) 
DG122WP110WG130, (b) DG67WP26WG130, c) DG36WP110WG130, and d) DG67WP187WG130. The length and the 
aspect ratio of the water droplets along the grooves were considerably higher for surfaces exhibiting a 
Wenzel wetting state for these droplets.  
 
 
 
 
 
 
 
